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Abstract 
Processing of biogas, flue and natural gas is a highly relevant industrial process because of 
economic and environmental motives. Natural gas (mainly CH4) is typically contaminated with over 
40% CO2 and N2, and the use of such kind of gas reserves is only acceptable if this CO2 is separated 
and sequestered at the source of production. The development of low-emission fossil fuel 
technologies combined with the carbon capture have been proposed to reduce the emission of 
greenhouse gases, particularly CO2. Membrane based gas separations have been proven to be 
advantageous in terms of energy efficiency and simple operating procedures, which makes it 
extremely attractive for CO2 capture. Since last couple of decades, significant improvements in the 
performance of polymeric materials for gas separation membranes have been made. Still, they are 
restricted by the trade-off between gas permeability and selectivity. Although the properties of some 
inorganic materials are well above the trade-off curve for polymers, still it is challenging to meet the 
cost and the problems associated with these membranes, like brittleness and processability. In this 
respect, various strategies have been examined, including the synthesis of  mixed matrix membranes 
(MMMs), prepared by the dispersion of a filler material into the polymer matrix. In this regard, 
proper filler and polymer selection and careful tuning of the synthesis procedure is required in order 
to avoid problems commonly associated with MMMs, i.e. the creation of non-selective pathways, 
particle agglomeration and brittleness at higher loading. The aim of this work is the use of a tuned 
synthesis procedure for MMMs. The separation performance of membranes was evaluated in a 
custom-built high-throughput (HT) equipment. In this regard, different fillers including metal 
organic frameworks (MOFs) and carbon-silica materials were used as dispersed phase inside 
polymer matrix, confirming the importance of selection of right combination of polymer and filler.  
The first part of this dissertation explores the development of MMMs in which metal 
organic frameworks (MOFs) are embedded in the polymer matrix. First, modulated UIO-66 MOFs 
were used. Modulation is a technique in which compounds are added that compete with the linkers 
for coordination to the metal cations. These compounds may act as a regulator for crystallization, 
interfering with the nucleation and the crystal growth. MMMs based on modulated MOFs were 
compared to their counterparts based on amine-functionalized MOFs. Then, MIL-125 fillers and 
their amine-functionalized counterparts were used in Matrimid
®
 matrix. A success was achieved in 
getting high performance MMMs with loadings up to 30 wt% through a well-optimized synthesis, 
procedure. Reproducibility of all these membranes was confirmed by performing multiple separation 
tests for each membrane, demonstrating the consistency of the optimized synthesis procedure.  
 iv 
 
Then, the MMMs were developed to explore the  tuneability of the CSM (Carbon silica 
material) pore system and its related shape selectivity in combination with the enhanced affinity for 
the penetrating gas molecules. The surface chemistry of the active carbon phase, and thus the CO2 
adsorption properties, were modified via the pyrolysis step in the synthesis procedure and by 
interactions of CO2. The dual contribution of CSM to the selective increase of CO2 solubility and 
diffusability (relative to CH4 and N2), resulted in a superior CO2 selectivity and permeability. 
Reproducibility of all these membranes was confirmed by performing multiple separation tests for 
each membrane, demonstrating the consistency of the optimized synthesis procedure.  
The second part of this thesis deals with the preparation of thin layer composite membranes 
using well-defined regio-regular P3ATs (synthesized by GRIM polymerization method). A stable, 
porous cross-linked polyimide support was used on which the polymers were coated as a thin layer 
via spin-coating. This approach showed that well-defined polythiophene structures with a high 
degree of crystallinity constitute a good membrane with potential for practical use in CO2 separation.  
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Samenvatting  
De verwerking van biogas, rookgas en aardgas zijn industrieel zeer relevante processen om 
tal van economische en milieuredenen. Aardgas, voornamelijk methaan, is typisch gecontamineerd 
met meer dan 40% koolstofdioxide en stikstof. Het gebruik van dergelijke gasreserves vereist het 
scheiden en sekwestreren van dit koolstofdioxide. De ontwikkeling van fossiele brandstof 
technologieën met lage uitstoot gecombineerd met de afvang van koolstofdioxide wordt naar voren 
geschoven als oplossing voor het reduceren van de emissie van broeikasgassen. 
Membraangasscheidingen zijn een aantrekkelijke werkwijze voor afvang van koolstofdioxide 
aangezien ze bekend staan om hun energie-efficiëntie en eenvoud in gebruik. Sedert een aantal 
decennia werd significante vooruitgang gerealiseerd in de performantie van polymerische 
membranen voor gasscheidingen, hoewel ze nog steeds gelimiteerd zijn door trade-off gedrag 
tussen permeabiliteit en selectiviteit. Hoewel het gedrag van sommige anorganische materialen dit 
trade-off gedrag van polymeren overtreft, blijken de broosheid en verminderde handelbaarheid 
geassocieerd met hun membraansynthese nog steeds een enorme economische uitdaging. 
Verschillende strategieën werden gevolgd om dit te omzeilen, waaronder de synthese van Mixed 
Matrix Membranen (MMMs), via de dispersie van vullermaterialen in een polymeermatrix. Een 
gepaste keuze van polymeer- en vullermateriaal samen met een zorgvuldige syntheseprocedure is 
noodzakelijk ter voorkoming van typische hindernissen zoals de creatie van niet-selectieve paden, 
partikel agglomeratie en broosheid bij hogere partikelgehaltes. Het doel van dit werk is het invoeren 
van een gepaste syntheseprocedure van MMMs. De scheidingsprestaties van de membranen werd 
geëvalueerd met speciaal ontworpen high throughput apparatuur. In dat opzicht werden 
verschillende vullers, waaronder metaal organische roosters en koolstof-silica materialen (CSM), 
als gedispergeerde fase gebruikt binnen een polymeermatrix waarbij het belang van een goede 
combinatie van vuller en polymeer werd bevestigd. 
Het eerste deel van dit onderzoek verkent de ontwikkeling van MMMs waarbij MOFs 
worden geïncorporeerd in de polymeermatrix. Gemoduleerde UiO-66 MOFs werden daarbij in 
eerste plaats gebruikt. Modulatie verwijst naar een techniek waarbij componenten worden 
toegevoegd die in competitie treden met de linkers voor de coördinatieplaatsen van de 
metaalkationen. Mogelijks treden dergelijke componenten op als regulator van kristallisatie waarbij 
ze interfereren met de nucleatie en kristalgroei. MMMs gebaseerd op gemoduleerde MOFs werden 
vergeleken met hun tegenhangers gebaseerd op MOFs gefunctionaliseerd met amines. MIL-125 
vullers en amine-gefunctionaliseerde tegenhangers werden gebruikt in Matrimid
®
. Via een 
geoptimaliseerde syntheseprocedure werden sterk presterende MMMs met partikelgehaltes tot 30 
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gewichtspercent verkregen. De reproduceerbaarheid van deze membranen en de consistentie van de 
geoptimaliseerde syntheseprocedure werden bevestigd met meerdere scheidingstesten per 
membraan. 
Vervolgens werden MMMs ontwikkeld om de aanpasbaarheid van het CSM poriesysteem en 
de hieraan gerelateerde vormselectiviteit te verkennen in combinatie met een verhoogde affiniteit 
voor de permeërende molecules. De oppervlaktechemie van de koolstofcomponent, en dus de 
adsorptieve eigenschappen, werden gemodificeerd via de pyrolyse stap in de syntheseprocedure. De 
tweeledige bijdrage van CSM aan de selectieve verhoging van oplosbaarheid en diffusiviteit van 
koolstofdioxide, relatief ten opzichte van methaan en stikstofgas, resulteerde in een superieure 
permeabiliteit en selectiviteit. De reproduceerbaarheid van deze membranen en de consistentie van 
de geoptimaliseerde syntheseprocedure werden bevestigd met meerdere scheidingstesten per 
membraan. 
Het tweede deel van dit doctoraatsonderzoek behandelt de bereiding van dunne laag 
composietmembranen met goed gedefinieerde, regio regular P3ATs, gesynthetiseerd via de GRIM 
polymerizatie methode. Op een poreuze, vernette polyimide steunlaag werden de polymeren gecoat 
als dunne laag via spin-coating . Deze aanpak toont aan dat goed gedefinieerde polythiofeen 
structuren met een hoge graad van kristalliniteit een goed membraan kunnen vormen met praktisch 
potentieel voor koolstofdioxide scheidingen.   
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1.1.Membrane technology for gas separation  
 Natural gas (NG) is considered as one of the most efficient and cleanest energy 
sources in the world with a CO2 emission factor which is approximately 26% lower than that 
of oil.[1] In 2012, NG constitute about 24.8% of the world primary sources of energy after 
crude oil (35.3%) [2] Although methane is the main component of NG, it also contains 
significant concentrations of various other impurities including water, CO2, hydrogen 
sulphide and other hydrocarbons. CO2 as a part of NG composition is an undesirable and the 
removal of this excess CO2 is essentially required in order to meet the pipeline specifications 
where CO2 concentration required is only less than 2–3% and to increase the calorific value 
for fuel applications.[3] As far as the design of separation and purification systems is 
concerned, the need is to develop the techniques that are cost effective and environmentally 
friendly.[4] Keeping in view its importance, NG processing i.e. pre-combustion sweetening 
of gas streams, and purification using novel and energy efficient separation technique is 
crucial.[5] For fuel and energy applications, natural gas sweetening is essential to reduce 
pipeline corrosion within the gas pipelines.  
Anthropogenic climate change caused by the emission of green-house gases (GHG) is 
increasingly becoming a major environmental concern. High levels of CO2 in the 
atmosphere are assumed to be primarily responsible for the global climate change. Since the 
industrialization period, the scale of CO2 production related to human activity via fossil fuel 
combustion, transportation, industrial processes (especially cement and H2 production), 
combined with the emissions from residential and commercial buildings has skyrocketed to 
drastic proportions.[6,7] Out of the total anthropogenic GHG emissions, the combustion of 
fossil fuel currently accounts for up to 56%.[8,9]  
In NG and coal-fired power plants, the combustible is mixed with air to burn which leads 
to the exhaust of combustion gases from the boiler consisting of nitrogen along with some 
concentrations of water vapor, CO2, nitrogen oxides, sulphur dioxide, and fly ash. These air 
pollutants must be removed to provide a clean gas stream to avoid any additional clean-
up.[1] Similarly, biogas generated during anaerobic digestion of biological wastes consists of 
38–40% carbon dioxide, 55–60% methane along with small amounts of hydrogen sulfide 
and traces of hydrogen, nitrogen. Despite having a comparable calorific value of 35–44 kJ/g 
with petrol and diesel, use of biogas is restricted near to production site due to presence of 
acid gases, like CO2 and H2S because Those impurities corrode the distribution network.[10]  
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 In addition to controlling the emissions into the atmosphere, CO2 capture also has 
potential utilization in chemical processes.[11] Many efforts are underway to convert CO2 
into base chemicals or fuels, such as formic acid, dimethyl carbonate, methyl formate or 
higher hydrocarbons.[12,13] This chemical or biological re-use of CO2 can render its capture 
economically much more attractive, in addition to complementing storage strategies [12]. 
Apart from separation processes involving GHG, such as CO2, there are a number of well-
established and emerging gas separation applications for membranes, such as nitrogen 
generation for food preservation, oxygen enrichment, air dehumidification, hydrogen 
recovery and nitrogen enrichment from air,  etc.[14,15]  
As one of the promising options to control CO2 emissions, CO2 capture and storage 
(CCS) is a process that involves the separation of CO2 from industry and energy-related 
sources, along with its transport to a storage location and long-term isolation from the 
atmosphere.[8] 
 In recent years, scientific efforts and advances have been made in developing new 
technologies for effective and sustainable separation of CO2 from CH4 and N2. Membrane-
based gas separation processes have got attention as a major process for reduction of GHG 
emissions, being simple, cost effective and energy efficient. In the field of membrane 
technology, significant research has focused on the synthesis of novel membranes for CO2 
capture and on the design of more efficient membrane systems.[11]  
There are three common approaches for CO2 capture. Post-combustion CO2 capture refers 
to separating CO2 after combustion and is advantageous as it can be readily adapted to 
currently existing plants. However, the flue gas is at ambient pressure and the partial 
pressure of CO2 therein is low, rendering membrane applications challenging because of the 
very low driving force over the membrane.[6] Pre-combustion CO2 capture (also called pre-
combustion de-carbonization) is the removal of carbon from the fuel prior to combustion. 
Instead of burning the fuel directly, it is converted to syngas by a gasification process. 
Gasification refers to oxidizing the fuel using O2 or air at high temperature and pressure. The 
resultant syngas consists mainly of H2 and CO at high pressure, which is advantageous in 
reducing compression costs. Moreover, owing to the high concentration of CO2 in the 
syngas, the driving force for the separation is increased, hence the membrane fluxes are 
higher. However, there are barriers to commercial application of gasification, such as the 
high capital cost for the base gasification system, and limited operating experience at large 
scale. Pre-combustion capture is usually applicable to new plants, rather than being a retrofit 
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option. As a third route, oxy-combustion CO2 capture involves the separation of N2 from air 
prior to combustion, leaving pure O2 as the oxidant. The flue gas is then very high in CO2 
concentration, bringing oxy-combustion capture forth as a retrofit technology option. 
However, H2O or CO2 must be recycled to control combustion temperatures and, as a result, 
the process efficiency is decreased for these systems. Further, the purity of the captured CO2 
may not be sufficient for economical transport and storage, so that some downstream 
processing is still required.[6]  
The post-combustion CO2 capture involves the low partial pressure of CO2 along with a 
huge amount of the flue gas to process. This low CO2 partial pressure is a big challenge for 
CO2 capture technology where adsorption based processes are used. To use in this method of 
CO2 capture, absorbents with very high affinities are required, making their regeneration 
very expansive. In the case of membranes, the driving force (ratio of feed to permeate partial 
pressure) becomes the limiting parameter, while no regeneration is needed.  
 
1.2.Theory  
 Membranes are semi-permeable barriers which selectively pass one component of a feed 
mixture.[10] Membrane separations are considered as one of the promising technologies for 
CO2 separation due to the high efficiency, low capital and operating cost, flexible scaling, 
low environmental footprint and ease of installation and operation.[16] The concept of gas 
separation via membranes was first introduced by Thomas Graham in 1866.[17] Barrer,[18] 
van Amerongen[19] and Stern[20] in the 20
th
 century made significant contributions to 
increase the understanding of membrane based gas separations.  
Various mechanisms can be the base for transport of gases through membranes, 
depending upon both the type of gas mixture and the membrane material. The most 
dominant mechanisms include Knudsen diffusion, molecular sieving and solution-
diffusion.[21] The driving force for permeation is the chemical potential difference across 
the membrane material. 
In porous membranes, the gases are separated on the base of their molecular weight 
(Knudsen diffusion) or size (molecular sieving). Table 1. shows the effective sieving 
dimensions of various gas molecules. The membranes based on molecular sieving 
mechanism generally involve high fabrication costs. The low separation performance of 
membranes based on Knudson diffusion 
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Fig. 1. Possible mechanisms for membrane based gas separation 
mechanism compared to other processes makes them unviable for industrial 
commercialization. Therefore, most of the gas separation processes are based on gas 
transport through non-porous membranes. The transport of gases through dense or non-
porous polymeric membranes is governed by the solution-diffusion mechanism. This theory 
involves three steps: (i) in the first step, the gas molecules sorb into the membranes at their 
upstream side, (ii) the sorbed gas molecules diffuse through the polymer matrix according to 
Fick’s Law, (iii) and finally, they are desorbed at the downstream side of the membrane. The 
separation of the components takes place due to preferential sorption and faster diffusion of 
one of the permeating components.[22] 
Table 1. General properties of penetrant gas molecules.[23]  
Penetrant Kinetic diameter 
(nm) 
Polarity 
Cm
2
 
Polarizability 
Cm
3
 
Critical 
temperature (K) 
CO2 0.330 13.4x10
-40
  26.3x10
-25
  304 
N2 0.364 4.7x10
-40
 17.6x10
-25
  126 
CH4 0.380 - 26x10
-25
  190 
 
solution-diffusion mechanism is a combination of both thermodynamic (condensability, 
interaction with membrane material) and kinetic factors (kinetic diameter of penetrants, free 
volume of polymer, polymer chain packing and mobility). The gas separation performance 
of a polymeric membrane depends both on diffusion and solubility of the gas in the 
membrane. The permeability of the gas molecules and the relation with diffusion and 
solubility can be generally described by:[22,24]  
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  P = D. S      (1) 
where P is the permeability coefficient, D is the diffusion coefficient (cm
2
/s) and S is the 
solubility coefficient (cm
3
 (STP) cmHg
-1
). P is a measure of the gas permeation through the 
membrane, most commonly expressed in Barrers (1 Barrer = 1 x 10-10 cm
3
 
(STP).cm/cm
2
.s.cmHg).  
Membrane performance is measured in terms of permeability through the membrane and 
membrane selectivity towards the feed mixture. The permeability of any component (Pi) is 
related to the flux through the membrane (Ji), the thickness of the selective layer of the 
membrane (l), and the driving force (partial pressure difference) across the membrane (∆p) 
by following expression:  
             
 
  
                (2) 
For asymmetric membranes, where the effective membrane thickness is not exactly known, the flux 
is often reported in terms of permeance, given by the following equation: 
   
  
 
  
 
    
           (3) 
where Pi/l is the permeance in GPU (1 GPU = 1 x 10
-6
 cm
3
 (STP)/cm
2
-s-cmHg). 
If the individual permeability of the two components in a gas pair is known, the ideal 
selectivity of the membrane can be calculated by the ratio of the two pure gas permeabilities. 
  αAB = PA/PB      (4) 
The evaluation of the commercial applicability of gas separation membranes requires tests 
to be performed close to the actual industrial conditions. The transport of one component is 
always to a certain extent affected by the presence of other mixture components due to 
competitive sorption in the polymers. This usually leads to reduced permeabilities and 
selectivities for a real feed mixture in comparison to separate tests performed with pure 
gases. This effect becomes more pronounced in the presence of condensable gases in the 
mixture, such as CO2. CO2 can cause plasticization or membrane swelling which increases 
the permeabilities of all penetrants, but reduces selectivity.[25,26] For mixed gas feeds, the 
true selectivity is calculated using the mole fraction of the components at the permeate and 
feed side of the membrane. 
                                αAB = (yA/yB)/(xA/xB)                                                           (5) 
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where yA and yB are the mole fractions of components A and B in the permeate and xA and xB are 
their fractions in the feed. The higher the selectivity, the more selective the membrane is for a 
certain component in the gas mixture.[22]  
1.2.1.Solubility and diffusivity  
The thermodynamic amount of gas that a polymer can hold at a given pressure is called as 
solubility, given by the equation: 
                                                 Si = (Ci/ Pi)                                                                              (6)                                        
where Si is the solubility coefficient, Ci the concentration of component “I” in the membrane, and Pi 
the partial pressure of component “i” in the feed. In general, gas molecules with a bigger size and 
higher critical temperature (Tc) have a higher polymer solubility. The gas solubility depends upon 
the free volume of the polymer and the interactions of the polar functional groups present inside the 
polymer. Polar gases possess higher interactions with polymers containing polar functional groups, 
while larger free volume has a higher gas uptake capacity. The selective separation through this 
mechanism is known to be based upon the ‘solubility selectivity’ mechanism.  
The diffusivity of a polymer is a function of polymer structure, penetrant size and shape. It 
is a kinetic parameter which defines how easily a penetrant can diffuse through the membrane. The 
inter-segmental motions of polymer chains lead towards larger gaps for a penetrant to move within 
a polymer matrix. Hence, varying the chemical nature of the polymer results into changes in the size 
of these gaps. So, the systematic control of these gaps could hinder the movement of some 
component, allowing others to move through in a gas mixture. Similarly, the smaller and linear 
shaped molecules travel faster through the membrane, and hence diffuse faster, than larger and 
spherical molecules. The selective separation through this mechanism is known to be based upon 
the ‘diffusivity selectivity’ mechanism. [27,28] 
1.3.Materials for gas separation membranes 
 Membrane technology is an attractive option for CO2 separation due to some inherent 
permeating properties. CO2 is a small gas molecule, with a smaller kinetic diameter than the 
lighter gases, such as N2 and CH4. This makes CO2 as relatively faster diffusing gas in 
materials used for membrane synthesis. Additionally, CO2 also has a relatively large 
quadruple moment, providing it a natural ability of adsorption in these membrane materials 
compared to many other gas species. 
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Inorganic, carbon-based, polymeric and mixed matrix membranes (MMMs) have been 
extensively studied for the separation of CO2 containing gas mixtures.  
1.3.1.Inorganic materials  
 Inorganic membranes for separation of CO2 are of a microporous nature, with pore 
diameters smaller than 2 nm. They can be classified as crystalline (such as zeolites and 
MOFs), metallic (such as palladium or palladium alloys) and amorphous (such as silica). 
Separation of gases through these membranes usually occurs by molecular sieving or 
selective surface diffusion on the pores, or a combination of both.[23] Owing to the 
relatively similar kinetic diameters of CO2, CH4 and N2, molecular sieving is mostly not 
very effective. Preferential sorption of CO2 on the pore walls can reduce or even completely 
block the pores, rendering these pores effectively much less available for CH4 and N2, hence 
creating substantial selectivity. The main problem with inorganic membranes concerns 
fabrication-related issues, such as inadequate sealing of the modules and the unavoidable 
utilization of inorganic supports which are thick, brittle, less scalable, less compact, and 
more expensive.[29] Most inorganic membranes require several steps in processing, some of 
which at very high temperatures, rendering a continuous synthesis process hard to realize 
and thus again increasing production costs.[30]   
1.3.2.Polymeric materials 
 Polymers for gas separation membranes should have good mechanical and thermal 
properties along with chemical resistance. They should also have good anti-plasticization 
properties. Even if a polymer has a good intrinsic selectivity and permeability, the ability to 
have a defect-free thin selective layer is essential for membrane synthesis. The stability of 
this thin selective layer under operating conditions and cost effectiveness are crucial 
parameters to consider.[31–33]   
 Polysulfone (PSf) and cellulose acetate (CA) were the first polymers used to develop 
commercial gas separation membranes. Later, they were joined by polyimides, 
polycarbonates, poly(ethylene oxide), polyacetylenes and polyesters.[34,35] The gas 
separation performance of a polymeric membrane depends both on diffusion and solubility 
of the gas in the membrane.[36] The diffusion of gases through rubbery polymers is 
relatively fast due to the high segmental mobility and large free volumes between the 
macromolecules. Henry’s law is generally assumed to apply to describe the solubility of the 
gas in rubbery polymers. The sorption behaviour of gases in glassy polymers is quite 
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different and can generally be explained by the dual mode sorption model. Typically, glassy 
polymers  are used in membranes for gas separation due to their better selectivities, but 
membranes prepared from rubbery polymers can surely be useful for applications where 
selectivity is a less crucial issue. Among glassy polymers, PIs have excellent gas separation 
properties along with high thermal, mechanical and chemical stability.[37,38] Generally, 
polymer chain rigidity determines the diffusivity selectivity, while inter-chain spacing and 
chain mobility govern the permeation rate. The gas transport properties in PI membranes can 
thus be varied by incorporation of different bridging and polar groups into the polymer 
structures. These increase the inter-chain spacing and reduce the packing efficiency of 
polymer chains, thus directly affecting permeability.[37] Matrimid
®
 is a commercially 
available PI which has been extensively studied for gas separation. It is a soluble 
thermoplastic PI based on 3,3',4,4'-benzophenonetetracarboxylic dianhidride and diamino-
phenylindane. It shows superior gas permeability and selectivity for several commercially 
relevant gas pairs in comparison to various other commercial polymers. Matrimid
®
 has an 
attractive combination of gas permeability and selectivity.[38–41]  
 Conjugated polymers (CPs) also got the attention of researchers for use in membrane 
technology.[42,43] CPs are characterized by the conjugation of double or triple bonds along 
the polymer chain. Among these, polyaniline (PANI), polypyrrole (PPy) and poly(3-
alkylthiophenes) (P3ATs) are the most studied in membrane technology for gas separation 
during membrane preparation.[44] Poly(3-alkylthiophenes) are most attractive due to their 
good solubility in solvents[45,46]. In order to show good separation properties, the polymer 
should adopt a good supramolecular structure in order to form a nice film with desirable 
properties. This can be achieved by using for instance regio-regular P3ATs (rr-P3AT) which 
can adopt a planar conformation during the formation of the membrane film rather than 
regio-irregular P3ATs (ri-P3AT).[47,48] Membranes based on ri-P3AT show high 
permeability but low selectivity.[49]  
1.4.Limitations of polymeric membranes 
 Polymeric membranes hold several advantages over other membrane materials and are the 
preferred choice for industrial gas separation processes. The first commercial CA membrane 
unit for CO2 removal from natural gas was established in the 1980’s. By the end of the 
1980s, many companies including Medal (Air Liquide), Permea (Air Products), Natco 
(Cynara), UOP (Separex), and Kvaerner (Grace Membrane Systems) were producing 
membranes for gas separation. More selective polyimides got attention later and provided a 
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better alternative of the CA membranes.[28,39,50–52] Current polymeric membranes 
comprise of mostly glassy polymers including CA,[28,31] PI[51] and PSf[53]. However, 
despite this success in membrane development, the number of polymers used for industrial 
gas separations is still very limited which makes these membranes incapable of meeting the 
commercial and industrial requirements. Despite many efforts, improvements of polymeric 
membranes in gas separation performance rarely exceed the well-known trade-off curve 
indicating inverse permeability/selectivity behaviour. This curve has shown that in 
polymeric membranes, an upper bound limit exists for each gas pair.[54,55]  
Plasticization is major challenge related to polymeric membranes for gas separation. 
The reason for this problem is associated with the presence of highly condensable penetrants 
in e.g. CO2/CH4 and CO2/N2 mixtures. This is the disruption of chain packing and creation 
of enhanced inter-segmental mobility of polymer chains which results from penetrant 
dissolution.[56] The increase in free volume increases the diffusion of the gases but reduces 
selectivity. Condensable gases like CO2 can induce significant plasticization behavior in 
glassy polymers.[57] The presence of polar groups in the polymer increases the tendency to 
plasticize due to interactions with the quadrupolar CO2 molecules.  
 
 
Fig. 2. Permeability and selectivity trade-off with the 1991 and 2008 Robeson upper bounds for 
CO2/CH4 and CO2/N2 gas pairs.[55]  
The minimum pressure necessary to induce the swelling in polymer chains and hence 
increases permeability is called the plasticization pressure. Above the plasticization pressure, 
polymer chain mobility increases strongly due to swelling by the dissolved CO2. [58] 
Polymers show different behaviour with respect to plasticization. Also the thickness of the 
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films and exposure time are crucial parameters to consider in this regard.[59] As, ideal gas 
studies in membranes for GS do not include this phenomenon (Robinson plots in 1991 and 
2008), mixed gas studies give more realistic results for membranes used in industrial 
applications.[60,61]  
In glassy polymers, the combination of plasticization and dual mode sorption results in a 
minimum in the permeability as a function of CO2 partial pressure. That is, plasticization increases 
the fractional free volume (FFV) and hence the diffusivity with increasing gas pressure, while the 
dual mode sorption that occurs in glassy polymers causes the solubility to decline with gas pressure. 
[62] For a CO2–CH4 binary gas mixture, increased CO2 concentrations and feed pressures resulted 
in lower of CO2:CH4 selectivities for CA membranes.[63] On the other hand,  the ideal selectivity 
of CO2/CH4 was 3–5 times higher than the selectivity of the mixed gases for CA membranes at feed 
CO2 concentrations higher than 50% and pressures up to 54 bar, attributed to plasticization effects 
of CO2.[27] In another study, the CO2 feed concentration from 0 to 20 mol%, Matrimid
® 
membranes showed different permeabilities and CO2/CH4 selectivities for pure gas and binary gas 
mixture. It was observed that mixed gas selectivity for and 40% lower for P84
®
 and Kapton
®
. The 
loss of selectivity for Matrimid
®
 membranes by 76% lower than the ideal selectivity was attributed 
to the coupling effects between CO2 and CH4 and plasticization at higher CO2 concentration.[38]  
 
Fig. 3. Permeation behavior of glassy polymers[64] 
 
1.5.Strategies to overcome the challenges 
In addition to synthesizing new polymers, modifications of existing materials have been extensively 
used to design new membranes with enhanced gas separation performance.  
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Among these approaches, polymer blending is one of the most effective routes, as for 
instance for PIM-1/Matrimid
®
 blending.[65] Blending combines the advantages of different 
materials with unique properties that are sometimes difficult to obtain by other means. 
Complete miscibility of polymers leads to a homogeneous blend, but this is not always 
possible over the whole mixing concentration range. Blending the right types of polymers 
can provide enough mechanical strength to form thin membranes but can also be helpful to 
reduce plasticization.[66]   
Blending can cause modifications to the microstructure of membranes, variations in chain 
packing density and segmental mobility of polymer chains. For instance, when PBI was blended 
with Matrimid
®
, it resulted in increased for CO2/H2 selectivities due to the increase in chain packing 
density and hindrance in segmental mobility of polymer chains.[67] Khan et. al. studied the gas 
separation performance of Matrimid
®
 and sulfonated aromatic poly(ether ether ketone) (S-PEEK) 
blend membranes and observed that the gas permeability and selectivity values fall in-between 
those of the individual polymers.[61] Kapantaidakis et al. observed a delay in plasticization 
pressure with increasing PSF fraction in  membranes from Matrimid
®
/PSF blends.[66]  
Cross-linking is another important technique to enhance selectivity, increase chain packing 
density and restrict segmental mobility of polymer chains.[68–70] Since plasticization and physical 
aging originate from chain flexibility and the non-equilibrium state of glassy polymers, increasing 
polymer chain rigidity or inter-chain crosslinking can mitigate these undesirable phenomena. In 
addition to chemical crosslinking, this can also be achieved by photochemical cross-linking (using 
UV irradiation), and by thermal cross-linking at elevated temperatures.[71] Crosslinking of PI 
(6FDA-durene/mPDA, (50:50) membranes improved the CO2/N2 selectivity with some reduction in 
permeance. Cross-linking was achieved by immersing the membrane in a p-xylene/methanol 
solution for several minutes at room temperature. In this respect, p-Xylenediamine cross-linked 
6FDA-(2,6-diamino toluene) (DAT) PI-membranes resulted in reduced CO2 plasticization and 
increased CO2/CH4 selectivity.[72] Similarly, the hydrogen bonding between COOH groups in 
6FDA-m-PDA/DABA (4,4′-hexafluoroisopropylidene diphthalic anhydride-m-
phenylenediamine/3,5-diaminobenzoic acid) (9 : 1) increased CO2/CH4 selectivity by 20% at 10% 
degree of crosslinking, compared to neat PI membrane.[73] Diamine cross-linking proved to be one 
of the most effective cross-linking method for PI membranes. This type of cross-linking involves 
bringing a PI membrane in contact with a diamine solution in methanol. The presence of methanol 
makes the polymer chains more accessible for reaction by swelling the membrane. The reaction of 
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the diamine with the polymeric chain results in breaking the imide bond to form an intermolecular 
amide bond, thus creating a cross-link between the two polymer chains.[74]  
 
Fig. 4. Crosslinking mechanism of with diamine[75] 
 
 The combined effect of blending and crosslinking of a polymeric membrane was 
investigated for a (sulfonated PEEK) Matrimid
® 
system. The blends showed good 
miscibility and both gas permeability and selectivity values fell in between those of the 
individual polymers. The chemical crosslinking of Matrimid
®
 with p-xylene diamine 
enhanced anti-plasticization properties of the membranes up to 40 bar with little change in 
permselectivity.[61] Anti-plasticization properties were reported to be stable when 
Matrimid
®
 was blended with polysulfone or co-polyimide P84 to improve membrane 
plasticization resistance.[76] A study about cross-linking of polyimides containing 
benzophenone using UV-radiation revealed that the duration of irradiation had a direct 
influence on the membrane performance. A decreased free-volume of PI’s resulted from UV 
cross-linking, which led to increased selectivity but lower permeability.[77] 
In polymeric membranes, the overall gas selectivity is mostly dominated by diffusivity 
selectivity and therefore, these materials are more permeable to the smaller CO2 compared to 
N2 and CH4. This can be further enhanced by favouring the interactions of CO2 with the 
membrane polymer to get enhanced solubility selectivity. One possible way is to incorporate 
polar groups in the polymer structure which show a strong affinity with the CO2 
quadrupole.[78]  Even though N2 also has a quadrupole, these high affinities in the 
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membrane for CO2 will also favour the CO2/N2 separations, as the N2 quadrupole is only 
about 1/3 of that of CO2.[79] 
Transport through polymers is strongly influenced by their glass transition temperature 
(Tg) and the introduction of larger side groups in polymer chains.[52] In rubbers, with 
increase in size of side groups, the chain become less flexible which decreases the 
permeability and increases the glass transition temperature.[80] In glassy polymers, heavy 
groups in side chain causes a significant increase in the permeability coefficients by 
reducing chain packing with no change or even sometimes an increase in selectivity.[56]  
Apart from chemical modifications aiming for crosslinking, separation properties of 
polymers can also be enhanced by other chemical reactions, such as bromination, 
carboxylation and sulfonation to increase the affinity for the preferentially permeating 
compound and/or to modify diffusion. Bromination of PI enhanced the CO2 permeation, 
while maintaining a similar CO2:CH4 selectivity, attributed to the suppression of inter-chain 
packing by addition of the bulky bromine groups and structural modifications.[81] Polymers 
have also been sulfonated to improve their solubility in solvents for easier processing. In 
particular, the solubility of certain sulfonated aromatic polymers, such as PEEK, allows their 
casting from organic solutions, hence offering a more convenient fabrication process. 
Recently, sulfonated PEEK has been used for CO2 separations from N2 and H2 as a blend 
with PVDF and Matrimid
®
, hence successfully combining several polymer modifications in 
one membrane.[82] 
1.6.Mixed Matrix membranes (MMMs) 
 MMMs are composed of particles, mostly of inorganic nature, homogenously dispersed in 
a polymeric matrix. These membranes have shown superior combined permeability and 
selectivity over existing polymeric membranes by coupling the low cost and processability 
of polymers to the higher permeability and/or selectivity of the fillers.[83]  
Porous fillers with narrow pore sizes have been used as dispersed phase in the fabrication of 
MMMs with molecular sieving properties and these MMMs separate gases by their size and 
shape. In the case of fillers with pore sizes bigger than any of the penetrant gases, the 
dominant contribution of the filler is an increased adsorption capacity of the membranes and 
higher flux, due to added porosity, possibly combined with favourable interactions of the 
preferentially permeating compound with the filler pore wall.[84,85] The most common 
fillers successfully used in the development of MMMs include zeolites, carbon nanotubes, 
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carbon molecular sieves, ordered mesoporous silica and metal organic frame works 
(MOFs).[86] 
 
Fig. 5. Schematic representation of a mixed matrix membrane including polymer and dispersed phase 
 
 Besides the advantageous properties of MMMs, there are still several challenges which have 
to be overcome to overcome the successful up-scaling of these membranes. During the MMM 
synthesis, the particles may either sediment or migrate to the membrane surface, depending on the 
relative densities of the (wetted) filler and the polymeric solution.[87] High filler loadings often 
lead to excessive aggregation of the filler particles, resulting in highly brittle membranes. The 
differences in the physico-chemical properties of the polymer and filler can also make it a difficult 
task to achieve a homogenous distribution of filler particles throughout the matrix.[83,88] 
Depending on the type of attraction between the matrix and the filler, the polymer-filler interface 
could take one of four common forms.  (a) The filler and the polymer are in perfect contact. The 
polymer chains in close proximity of the filler then have the same properties as the rest of the 
matrix. (b) The polymer and the filler are in contact, but the polymer chains surrounding the filler 
experience a decreased mobility (chain rigidification). (c) The polymer and the filler are detached 
from each other, forming non-selective voids at the interface (sieve-in-a-cage). (d) There is a 
reduced permeability through the filler due to a part of the polymer that blocks the pore (partial pore 
blockage).[87] A suitable combination of filler/polymer MMMs proved to be crucial.[88] Molecular 
adsorption of the polymer onto the sieve surface, and polymer flexibility during membrane 
formation are the key factors to consider in formation of successful formation of MMMs. Interfacial 
voids might also be formed due to different thermal expansion coefficients for polymer and particle 
when the membrane is being heated or cooled.  
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Fig. 6. Schematic representation of filler-polymer interphase phenomena 
 
 The filler size is another parameter in the defect-free preparation of membranes, in 
particular thin membrane films. Small-sized particles effectively disrupt the polymer chain 
packing and thereby enhance the membrane separation performance. Characteristics of the 
interface between the fillers and the polymer matrix are crucial to determine the path for the 
gases to pass through the membrane. This allows superior selective transport of certain gases 
and hence improved selectivity. Otherwise, it might also give an increased permeability by 
reducing the path length of the permeate molecules. For instance, some nano-scaled fillers, 
including silica and CNTs, are known for their low separation factors but a larger interfacial 
area between the fillers and the polymer matrix gives considerable permeation 
properties.[83,88]  
 Several strategies have been devised to improve the polymer-filler compatibility. (a) 
Silylation has been successfully employed to improve the polymer-filler adhesion by 
modifying e.g. the external surface of zeolites.[89,90] (b) Annealing MMMs above the glass 
transition temperature (Tg) is another technique to remove interfacial voids.[83] The increase 
in polymer chain flexibility at temperatures above the polymer Tg provides better polymer-
filler contact, which remains after cooling.[91] (c) Other approaches to avoid the formation 
of voids include vacuum degassing of the casting solution (which can also be recommended 
for unfilled membranes, but the chances to find air bubbles in MMM casting solutions is 
higher due to the more intense stirring generally employed to enhance dispersion) and the 
well-controlled gradual cooling after the annealing procedure.[92] (d) Priming the filler 
particles by adding small quantities of polymer prior to addition of the bulk polymer also 
significantly improved the filler/polymer contact.[93][94] 
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1.6.1.Metal-organic frameworks filled MMMs 
Metal organic frameworks (MOFs) are microporous materials comprised of transition metals and 
transition metal oxides connected by organic linkages to create one-, two- and three-dimensional 
tuned structures. They are built from metal ions as connectors and organic bridging ligands as 
linkers. They are extended structures with high surface areas and precisely controlled porosity, 
which contributes to high sorption capacity and high affinity for certain gases and the polymer 
chains due to the presence of the organic linkers in MOFs. Based on the variety of organic linkages, 
MOFs can be synthesized with tunable pore sizes and are regarded to bridge the gap between 
zeolites and mesoporous silica. Despite many other advantages, unlike thermally stable zeolites and 
CMS, MOFs are subjected to decompose at higher temperatures (usually above 300 °C) due to the 
presence of the organic linkers. [95] 
The selective gas adsorption in MOFs is mainly obtained by adsorbate-surface interactions 
involving the chemical and/or physical interaction between the MOF surface and the gas molecule 
or by the size-exclusion. Different structures of MOFs have been explored and identified to get 
improved gas separation properties. [96]  
The use of MOFs as filler materials in the fabrication of MMMs has attracted much attention 
since the first publication in 2007.[97] The first patent on MOF-based MMMs was reported by Liu 
and co-workers,[34] who observed no change in CO2 over CH4 permeation by incorporating MOF-5 
and CuBTC into Ultem and Matrimid
®
. But at the same time, the permeabilites of CO2 and CH4 
were increased compared to unfilled polymer membranes. Later on, Perez et al. observed a slightly 
increased ideal gas selectivity for CO2/CH4 gas pair by using MOF-5 in Matrimid
®
, which was 
attributed to the higher solubility of CO2 in the polymer matrix. However, up to a 120% increase in 
permeability was obtained owing to the high porosity of the MOF-5 nanocrystals. Nevertheless, 
CuBTC embedment into PSF matrix as filler with 10 wt% loading led to a slight improvement in 
ideal selectivity of CO2/N2 and CO2/CH4 due to the rigidity of the chains in the polymer matrix, 
caused by the higher loadings and tendency of particles to agglomerate.[98] Basu et al. incorporated 
CuBTC into PI and PSF polymer membranes and showed that both CO2 mixed gas selectivity and 
CO2 permeance of the resulting membranes are higher than those of the unfilled polymers.[79] 
When Cu–BPY–HFS was incorporated into Matrimid®, the ideal CO2/CH4 gas selectivity was 
decreased  due to the high affinity of Cu–BPY–HFS for CH4.[99] 
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Fig. 7. Examples of MOF structures: (a) UiO-66, (b) amine functionalized UiO-66, (c) MOF-5, (d) 
MIL-125[100,101] 
As described above, high filler loadings easily lead to excessive aggregation of filler particles 
and often results in brittle membranes due to incompatibility of polymeric and filler phases. This 
restricts the formation of MMMs to some moderate loadings.[102] Matrimid
® 
based MMMs were 
prepared with loadings up to 80% (w/w) ZIF-8 nanoparticles[103], but only loadings up to 40% 
allowed permeability measurements of these membranes to be performed. The single gas 
permeabilities and selectivities increased with ZIF-8 loading, hence highlighting the sieving effect 
of the ZIF-8 particles. [104] 
Surface modification of MOFs, can enhance the adsorption, storage and separation capacity for 
CO2 can also control the interface compatibility between filler and polymer matrix due to the 
presence of organic linkers into the MOF structure. Surface properties of MOFs can be optimized 
by either grafting pre-designed ligands on MOF structures or by post- synthesis modification of 
existing MOFs.[105] Moreover, open active metal sites present on the pore walls of MOFs give rise 
to  enhanced separation factors by creating different affinity values for different gas pairs.[106] 
Modulation of MOFs is another effective technique to get a tunable MOF structure in which the 
concept of addition, of ligands with only one coordination site, competing with linkers for 
coordination to the metal cations is exploited. In this MOF synthesis approach, the concentrations or 
molar ratios of the starting materials, solvents, metals sources and the pH is changed to get a well-
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structured tuned MOF without having any effect on the growth of the crystals along the pillaring 
direction.[107,108] 
 Several researchers have studied the functionalization approach for MOFs which proved 
to be a very useful in the area of MMM field. Specific polar substituent groups, e.g. -NH2, -
COOH, and -OH substituted ligands, have been used in MOF structures for the synthesis of 
MMM in CO2/CH4  and CO2/N2 separations.[109] Specifically, amino-terephthalate-based 
MOFs, such as MIL-53(Al),10 UiO-66(Zr), Mil-101(Al), or functionalized ZIFs have thus 
been proven to be highly selective for CO2 over N2 and CH4 compared to non-functionalized 
variants.[110] Nik et al. used amino-functionalized MOFs (NH2-MOF-199 and NH2-UiO-66) 
as fillers in a 6FDA/ODA polymer matrix. The NH2-UiO-66 based MMM showed a 5% 
increase in mixed gas selectivity at the expense of a 7% decrease in gas permeability 
compared to an unfilled polymer membrane, attributed to the creation of a rigidified polymer 
at the filler/polymer interface.[111] Higher permeability values with slightly increased 
CO2/CH4 selectivities were observed using MIL-53 with Matrimid
®
 due to the large pores in 
this MOF, but NH2-MIL-53 based MMMs showed an increase in selectivity at the expense 
of permeability. Nevertheless, amine functionalization of MOFs also led to a significant 
reduction in the stability of the framework structures. Recently, free standing copper 1,4-
benzenedicarboxylate (CuBDC) nano-sheets with were obtained by using a bottom-up synthesis 
strategy which gave better dispersion in PI matrix. In this strategy, synthesis medium which consists 
of three liquid layers (mixtures of DMF and a suitable miscible co-solvent in appropriate ratios 
vertically arranged according to the difference in densities) was used. Incorporation of CuBDC 
nanosheets within a PI matrix at different filler loadings showed a 30–80% higher selectivity 
compared to polymeric membrane in the range of investigated operation conditions.[112] A 
detailed overview of MOF based MMMs is given by Seoane et.al. [113] 
1.6.2.MCM-41 filled MMMs 
 MCM-41 is a hexagonal member of the family of mesoporous silica materials with well-
ordered one-dimensional pores and its high specific surface area. Moreover, its inherent 
properties like high CO2 adsorption capacity, good mechanical and thermal stability and 
easy surface modification via chemical functionalization make it a good candidate to use in 
MMMs for gas separation. When embedded into polymer matrix, it could alter the polymer 
chain packing and results in a larger free volume and hence gives an increase in 
permeability. A faster gas diffusion can be obtained through the high porosity of MCM-
41[114,115]. The presence of polar -OH groups in these particles also enhances the solubility 
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of condensable gases like CO2 and hence increases the faster diffusion of gas through the 
MMM. Many approaches have been used for MMM fabrication by using MCM-41 fillers in 
order to increase the separation properties of these MMMs.[116–118] For instance, Zoronoza 
et al. observed an increase in selectivity caused by the rigidity of the surrounding polymer 
after incorporation of MCM-41 as filler into PSf and Matrimid
®
 matrices. At higher loadings 
(above 8%), the selectivity started to drop indicating defects in the MMMs.[119] Later on, 
Khan et al. used amine-functionalized MCM-41 covalently bonded to acrylate-terminating 
PSF in order to get rid of void formation and defects at the polymer-filler interphase.[82] 
Recently, MMMs were reported for reverse selective CO2/H2 gas separations using PDMS 
as polymer matrix and porous carbon–silica materials (CSMs) as fillers. These well-tuned 
carbon-like fillers were obtained by filling porous micro-sized MCM with functionalized 
carbon.[120]  
1.6.3.Carbon molecular sieves filled MMMs 
Carbon molecular sieves (CMS) are characterized by a pore size distribution that is 
narrower than that of normal active carbon. In the fabrication of CMS based MMMs, a 
polymer is first pyrolysed to get CMS particles which are then incorporated in a membrane 
polymer to form MMMs. The very first attempt was made by Duval et al. who introduced 
CMS particles (activated at 150 °C) into a rubbery polymer.[121] The study did not reveal 
any significant improvement in the separation performance, as attributed to the dead-end 
pores in the commercially available particles prepared via high-temperature pyrolysis. Later, 
Vu et al. evaluated the potential of these particles formed by pyrolysis of a polyimide 
(Matrimid®) precursor for gas separation by incorporating them in Matrimid
®
 5218 and 
Ultem® 1000 matrix up to 35 wt.%. The Matrimid
®
-based MMMs  gave a slight 
enhancement in CO2/N2 selectivity and CO2 permeability, while Ultem based MMMs 
showed a 3 fold increase in CO2 permeability.[122]  
1.7.Dissertation overview 
The ultimate goal of this Ph.D was to develop new MMMs and new polymer 
materials for CO2 separation from methane and nitrogen, as to be used in biogas recovery, 
natural gas sweetening and the treatment of flue gases. Synthesis parameters were tuned in 
order to get defect-free membranes and enhance the separation and permeation performance of the 
MMMs. Special attention was given to the different steps during the MMMs synthesis procedure, 
including concentrations of dope solutions and annealing of the membranes. 
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 The introduction section has given an idea about the problems associated with the 
synthesis of MMMs to get enhanced separation performance in order to broaden the scope of 
future MMMs applications. In the later sections the importance of getting defect-free 
membranes will be shown by keeping in view the polymer-filler compatibility and synthesis 
procedure refinement. These membrane were tested  for CO2/CH4 and CO2/N2 gas mixtures  
to evaluate their performance. In addition, attention has also been given to study the 
properties of a new polymers type for gas separation. This dissertation is divided into six 
chapters including this introduction. 
In chapter 2, it is shown that modulation is a practical approach for the synthesis of MOF 
particles with the capability to increase the separation performance of MMMs. This approach was 
investigated for the synthesis of MOF particles along with the use of amine-functionalized linkers, 
in order to improve the particle-PI compatibility, and hence to improve the separation performance. 
It was shown that when appropriate linkers with the right functional groups were present inside the 
MOF-pores to create uncoordinated linker sites, MMM performance can be enhanced. In addition, 
the presence of amine groups inside the pores of the MOFs positively influenced the preferential 
CO2 transport. The mixed gas selectivity was investigated for the CO2/CH4 gas pair. 
  Chapter 3 describes how the tunability of the porous carbon-silica material (CSM) 
can result into an enhanced affinity for the penetrating gas molecule. The fillers were 
prepared by a hard template synthesis technique to get a tuneable porosity and surface 
chemistry which is controlled by the optimization of the filler porosity using carbon 
deposition, pyrolysis conditions, and maximisation of polarity via oxygen containing 
functional groups. The MMMs were prepared via solution casting by adding CSM fillers to 
Matrimid
®
 for the separation of CO2 from CH4 and N2. The dual contribution of CSMs to the 
selective increase of CO2 solubility and diffusivity (relative to CH4 or N2) along with a 
carefully tuned synthesis procedure resulted in a superior CO2 selectivity and permeability 
for these MMMs.  
In chapter 4, MMMs were developed by adding MIL-125(Ti) and its amine-functionalized 
counterpart as fillers to Matrimid
®
. Through a well-optimized synthesis, defect-free MMMs with 
loadings up to 30 wt% could be prepared. The performance of the membranes was investigated and 
compared to previously reported literature data for (CO2:CH4) to show that the right selection of 
polymer and filler along with carefully tuned membrane synthesis procedure are crucial parameters 
to get a highly selective and permeable membrane.  
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The use of well-structured conjugated polymers used as a selective layer of a composite 
membrane is included in chapter 5. The effect of regio-regularity to get a well-defined structure of 
P3AT by using GRIM polymerization was studied. P3AT based thin layer membranes were 
prepared by using spin coating on a porous cross-linked polyimide support and investigated for their 
performance for CO2 separation from CH4 and N2. It was shown that rr-P3ATs showed an improved 
separation performance than their regio-irregular-counterparts due to the better defined 
supramolecular organization.  
Finally, general conclusions and future work are presented in chapter 6.  
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Abstract:  
Mixed matrix membranes (MMMs) composed of polyimide (PI) and metal-organic 
frameworks (MOFs) were synthesized using Matrimid
®
 as polymer and Zr-terephthalate UiO-66 as 
filler. The modulation approach, combined with the use of amine-functionalized linkers, was used 
for the synthesis of the MOF fillers in order to enhance the intrinsic separation performance of the 
MOF and improve the particle-PI compatibility. The presence of amine groups on the MOF outer 
surface either introduced through the linker or through the modulator or through both, led to 
covalent linking between the fillers and the Matrimid
®
, which resulted in very stable membranes. In 
addition, the presence of amine groups inside the pores of the MOFs and the presence of linker 
vacancies inside the MOFs, positively influenced CO2 transport. MMMs with 30 wt% loading 
showed excellent separation performance for CO2/CH4 gas mixtures. A significant increase in 
mixed gas selectivity (47.7) and permeability (19.4 Barrer) compared to the unfilled Matrimid
®
 
membrane (i.e. 50% more selective and 540% more permeable) was thus achieved for the MMM 
containing the MOF prepared from 2-aminoterephthalic acid and 4-aminobenzoic acid, respectively 
used as linker and as modulator.  
 
2.1.Introduction  
Biogas and natural gas are major resources for which CO2 removal is mostly required. 
Conventionally, CO2 is removed from gas mixtures by cryogenic distillation or amine-based wet 
scrubbing. These methods however have serious environmental drawbacks because of their high 
energy demands.[1,2] Membrane separation technology has gained great attention over the past 
years as an alternative to these conventional industrial processes because it offers a simple 
continuous process with low cost and energy requirements.[3,4] 
Extensive efforts have focused on enhancing the gas separation properties, i.e. selectivity and 
permeability, of polymeric membranes. Besides synthesizing new polymeric materials or the 
development of post-treatment procedures of the membranes via thermal rearrangement or 
crosslinking, one of the most promising alternatives are mixed matrix membranes (MMMs), which 
combine the mechanical properties and processability of polymeric materials with the selective 
properties of well selected fillers.[5] A wide variety of inorganic and organic porous materials,[6] 
such as zeolites,[7,8] carbon molecular sieves,[9] silica,[10]
,
[11] activated carbons and carbon 
nanotubes[12] have been used as fillers in MMMs. Despite the many reports of improved separation 
and transport properties in MMMs,[13] there are still technical challenges to be met with MMMs, 
since the fillers usually do not have a good interfacial compatibility with the polymer matrix, thus 
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leaving non-selective pathways.[14,15] Glassy polymers in particular do not adhere well to the 
particle surface. This problem becomes more critical at higher filler loadings.[16,17] To solve this 
problem, different approaches have been explored, including variation in particle shape and size of 
the fillers and their surface modifications, as for instance commonly applied in the past for 
zeolites[18]
,
[19] and very recently also for MOFs.[20]  
MOFs are synthesized from metals ions and polyfunctional organic linkers, creating a 
porous material which is highly suitable for separation.[21] Their modular build-up offers an 
unprecedented flexibility of structural fine-tuning by varying the inorganic or organic building unit. 
Moreover, their pore systems can be rationally tailored for CO2 selective adsorption.[22] A lot of 
MOF structures have been developed with great performance in gas separations.[23–27] Because of 
their high separation performance, these materials were more recently used as fillers in MMMs, e.g. 
Matrimid
® 
was filled with
 
MOF-5,[28] [Cu3(BTC)2],[16]
,
[29] Cu-BPY-HFS,[30] and MIL-
53(Al)[16] while Cu-TPA was incorporated in polyvinyl acetate[30] and in 6FDA-ODA-DAM[31]. 
A lot of research is currently focused on obtaining better gas separation results with MOF based 
MMMs.[32]  
 
In this work, MMMs composed of polyimide (PI) and metal-organic frameworks (MOFs) 
are investigated, using the well-known Zr-terephthalate MOF UiO-66. UiO-66 [Zr6O4(OH)4(O2C–
C6H4–CO2)6] is composed of Zr6O4(OH)4 clusters, linked to 12 terephthalate ligands. It is built up as 
a 3D-network comprising octahedral and tetrahedral cages in a 1:2 ratio, which are interconnected 
by triangular windows with a diameter of 6Å.[33] Computational and experimental work has 
indicated that these materials have a good performance in CO2/CH4 separation[34–36], highly 
depending on the substituents on the organic linker. However, 6FDA–ODA membranes containing 
amine-functionalized UiO-66 (NH2-UiO-66) showed only a 7% increase in selectivity combined 
with even a 5% decrease in pure CO2 permeability, among others due to poor polymer-filler 
interface properties.[37] Very recently, it was also shown that appropriate choice of the surface 
organic moiety of a MOF can enhance the chances of getting defect-free MMMs. UiO-66 was 
functionalized with phenyl acetyl groups, which interacted favorably with the imide groups in the 
polymer (Matrimid
®) through hydrogen bonding and π-stacking. The MMMs showed increased 
ideal gas (CO2/N2) selectivity (by 25%) and CO2 permeability (by 200%) compared to the unfilled 
Matrimid
®
.[18] In a recent study, the mesoporosity of Mil-101(Cr) was tuned by impregnating it 
with poyethylenimine (PEI) in order to enhance CO2 transport. These functionalized fillers, when 
embedded into sulfonated poly(ether ether ketone) (SPEEK) matrix and measured in hydrated 
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environment, increased the mixed gas (CO2/CH4) selectivity by 128% and CO2 permeability by 
260% compared to unfilled SPEEK membrane at 40 wt % loading and 10 bar operating pressure. 
This was attributed to the hydrogen bonding between the sulfonic acid groups and the abundantly 
available PEI resulting into good filler-polymer interface compatibility, in addition to an increased 
amount of facilitated transport interaction sites for CO2.[38]  
In computational studies, an increased adsorption selectivity of NH2-UiO-66 for CO2 over 
CH4 has been reported.[39,40] Grafting polar functional groups (–Br, –NH2, –NO2, –(CF3)2, –
(OH)2, –SO3H, –CO2H) on the organic linkers has in general been considered as one of the best 
techniques to enhance CO2 separations from gases using MOFs.[34]
,
[36]  
Modulation of MOFs is a rather new technique through which the internal MOF structure, as 
well as the crystal size, particle morphology and outer surface functionalities can be controlled by 
using monodentate ligands during the synthesis of the material.[41] The modulators then compete 
with the conventional multidentate ligands for coordination to the metal cations.[42] The surface of 
the particles can then be tuned better for a desired application, as monodispersed particles can thus 
be obtained which are capped by the modulator molecules.[43]  
The modulation approach was here used to increase the affinity of the fillers for the 
Matrimid
®
 matrix, thus reducing the chances for leaks along the crystal-membrane interphase in the 
composite membrane. Furthermore, the presence of amine groups on the modulators can create a 
chemical reaction between the MOF outer surface and the imide group of the PI, resulting in 
chemically more stable membranes that suffer less from plasticization.[44]
,
[45],[46] Moreover, the 
presence of amine groups on the pore walls via the modulator and/or by using amine-functional 
linkers, is also expected to increase the interaction with CO2, and thus create more selective fillers 
for the CO2/CH4 gas separation. Finally, the less restricted pores and uncoordinated metal sited 
obtained by modulation due to the formation of linker vacancies inside the MOF, can further 
enhance respectively CO2 diffusion and selectivity through the MMMs.[47] Matrimid
®
 was chosen 
as PI because it is an excellent polymer for this type of gas separations with good mechanical 
properties and easy availability.[7] 
2.2.Experimental 
 
 2.2.1.Materials   
 Polyimide (Matrimid
®
 9725) was kindly provided by Huntsman (Switzerland). 
Trichloromethane (chloroform) was supplied by Acros. CO2, CH4 and N2 gases were supplied by 
Air Liquide (Belgium). ZrCl4 (99.95%) was purchased from ABCR, while N,N-dimethylformamide 
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(DMF) (extra pure), terephthalic acid (98%), benzoic acid (98%), 2-aminoterephthalic acid  (98%) 
and 4-aminobenzoic acid (ABA) (99%) were supplied by Sigma-Aldrich and hydrochloric acid 
(HCl) (37wt% solution in water) by Fischer.  
 2.2.2.Preparation of MOFs  
In a typical synthesis, 6.4 g of ZrCl4 and 4.6 g of terephthalic acid were dissolved in 300 ml 
DMF. HCl was added as crystallizing agent (2.75 ml), and BA or ABA were added as modulators in 
a 50/1 molar ratio relative to the linker. This synthesis mixture was heated at 120 °C for 24 h, during 
which the MOF precipitates as a microcrystalline powder. Replacement of terephthalic acid by 2-
aminoterephthalic acid (5 g) in the same synthesis gave highly crystalline NH2-UiO-66. The 
detailed synthesis procedure is described elsewhere.[47,48] Following these procedures, the MOFs 
were synthesized as shown in table 1. 
Table 1: Details of as-synthesized MOFs 
MOF Linker Modulator 
UiO-66 BDC - 
UiO-66-BA BDC BA 
UiO-66-ABA BDC ABA 
NH2-UiO-66 NH2-BDC - 
NH2-UiO-66-BA NH2-BDC BA 
NH2-UiO-66-ABA NH2-BDC ABA 
 
 2.2.3.Preparation of unfilled polymeric membrane 
Matrimid
®
 was dried at 110 °C overnight in an oven and then dissolved in chloroform and 
stirred for 24 h to form a 6.3 % (w/w) viscous solution. The solution was cast onto a flat petri dish 
which was then covered with an inverted funnel (10.5 cm in diameter and 16 cm in height) fully 
wrapped with aluminum foil in order to control the evaporation rate of the solvent at room 
temperature for at least 24 h in a N2 bag. The resulting film was transferred to an oven at 40 °C after 
which the temperature was raised at a rate of 20 °C/h to 270 °C which was kept constant for 6 h and 
then slowly cooled down to room temperature. At least 3 circular coupons of 2.24 cm
2 
(with an 
effective area of 1.54 cm
2 
during permeation) were cut from the prepared membranes and used for 
gas permeation experiments.  
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 2.2.4.Preparation of MMMs 
All membranes were synthesized in a N2 filled bag to avoid any chance of phase inversion of 
Matrimid
® 
due to humidity, which could lead to defects in the membranes.[49]
,
[50] The MMMs 
were prepared using a priming protocol.[13] Matrimid
®
 and the MOFs were dried overnight at 110 
°C and 150 °C respectively. 30 wt% suspensions of all MOFs were prepared by solution blending 
with chloroform, as determined by equation (1). 
               (   )  [  
           
                        
  ]                (1) 
 
The required amount of filler was first added in half the amount of total required solvent, and 
stirred for a few hours at room temperature to allow uniform dispersion. The required amount of 
polymer was added to the rest of the solvent and stirred for at least 6 h at 40 °C to make a 
homogeneous solution. Then, 20% of the total amount of this polymer solution was slowly added to 
the MOF suspension in a N2 gas filled bag by using a priming technique. Priming of the MOF 
particle solution with the polymer solution before the addition of the bulk polymer reduces the 
stress at the particle-polymer interface.[14] The solutions (MOF + 20% polymer + solvent) were 
stirred for 4 h, followed by addition of 30% of the total polymer into the solution and stirring for 
another 2 h. This step was repeated until the total amount of polymer was added. Before every 
addition, the solution (MOF + polymer) was sonicated for 20 min. After the final additions, the 
solutions were stirred for another 24 h. To adequately disperse the MOF particles in the Matrimid
®
 
matrix, the suspensions used for the MMM preparation were stirred and sonicated for at least 2 min 
each to achieve homogeneous suspensions. From onward, the preparation procedure for the MMMs 
was similar to the pure polymer membrane preparation described above, except that the MMMs 
were annealed at 170 °C due to presence of amine groups in MMM structures (See Fig. 3). 
2.3.Characterization  
The glass transition temperature (Tg) of the membranes pre-dried at 120 °C was measured using 
a TA instrument DSCQ1000 at a heating rate of 10 °C/min under a flow of N2 gas. The membrane 
morphology was analyzed using scanning electron microscopy (SEM Philips XL30 FEG) in order 
to examine the particle morphologies and the dispersion of the filler particles in the PI matrix. 
Membrane cross-sections were obtained by breaking dry membranes frozen in liquid nitrogen. Prior 
to analysis, a gold film was sputtered onto the samples. The mechanical strength of the membranes 
was studied using a dynamic mechanical analyzer (DMAQ800) at room temperature. Slabs of the 
selected membranes (length = 10.5 mm, width = 5 mm, thickness = 70 to 100 µm) were measured. 
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Elemental analysis was conducted by using Vario Max CN of Elementar (measurements based on 
Dumas method). An ALPHA Bruker ATR-FTIR spectrometer was used to investigate the 
crosslinking of NH2-bearing MOFs with Matrimid®. The nitrogen sorption isotherms were 
measured with a Coulter 100 Gas Sorption analyzer (US) in order to determine the BET surface 
areas. Prior to the measurements, the samples were outgassed at 100 °C under vacuum for 10 h. The 
nitrogen sorption data were recorded at 77 K. The Brunauer-Emmet-Teller (BET) method was used 
to obtain surface areas from the isotherms. Powder X-ray diffraction (XRD) patterns were recorded 
on a STOE STADI P COMBI diffractometer with an image plate position sensitive detector (IP 
PSD) in the 2θ region from 5° to 60°, with internal resolution of 0.03° and counting time of 1200 s. 
The measurements were performed in transmission mode at room temperature using CuKα1 
radiation with λ = 1.54056 Å selected by means of a Ge (111) monochromator. 
 2.3.1.Gas permeability 
The gas permeation experiments were carried out by using a high-throughput gas separation 
(HTGS) membrane system (HTML, Belgium) set-up, described elsewhere.[51] Pure CO2 and mixed 
gas selectivity and permeability values were measured. The equipment can simultaneously measure 
gas permeance and selectivity of 16 membrane coupons using variable feed compositions, pressures 
and temperatures. The composition of the permeates was analyzed by a compact gas chromatograph 
(CGC, Interscience) and subsequently the sample loop was swept by a vacuum pump (Pfeiffer Dua 
2.5).  
Prior to the measurements, the module was evacuated by a vacuum pump for almost 3 h to 
remove residual gases. The gas mixture was then fed into the module at a rate of 1 l/min, controlled 
by mass flow controllers (MFC, Bronkhorst). The permeate was allowed to enter into the CGC by 
opening the 16 way-valve to determine the selectivity. The gas permeance was measured using a 
constant volume auxiliary cylinder (maximum measurement limit of 10 mbar) connected to a MKS 
Baratron® pressure transducer. The upstream pressure was adjusted by a back-pressure regulator 
mounted on the purge line. 
For gas permeability determinations, the valve between the auxiliary cylinder and the 
vacuum pump was closed and the permeate was sent to an auxiliary cylinder for expansion by 
opening a three-way valve to measure the rate of increase in pressure with respect to time (dP/dt) 
until it reached steady-state. The mixed gas permeability was calculated by using the constant 
volume method described above and is given by the equation (2). 
  
        
   
  
  
  (      )⁄   
  (
  
  
)                    ( ) 
 Chapter 2 
37 
 
where V is the downstream volume (cm
3
) and A the membrane permeation area (cm
2
), P1 is the 
pressure of the feed gas (psi), L is the thickness of membrane (cm), T is the operating temperature 
(K) and dp/dt is the steady rate of pressure increase in the downstream side in torr/sec. Mole 
fractions of component i in the downstream and upstream are designated by yi and xi respectively. 
The mixed-gas selectivity was calculated by the ratio of the mole fraction of the two gases 
downstream (y) and upstream (x) using following equation (3): 
                         α i/j  = (Y i / Y j) / (X i / X j)                                                             (3)         
where xi and xj are the mole fractions of components i and j in the upstream respectively, while yi 
and yj are the mole fractions of components i and j in the downstream, respectively.  
2.4.Results & discussion 
 2.4.1.MOF particle characterization  
In Table 2, BET surface areas of the prepared MOFs are listed. The measured BET surface areas of 
UiO-66 and NH2-UiO-66 are 1080 m
2
/g and 940 m
2
/g respectively, indicating the high porosity of 
both materials. The surface area of the NH2- modified and of the modulated MOFs are, to some 
extent, lower in agreement with reported data and ascribed to synthesis precursors that are left 
behind in the MOF 
Table 2: Properties of as-synthesized MOF particles  
MOF BET surface area 
(m²/g) 
Vmicropore 
a  
cm
3
/g 
Elemental analysis of Particles (%) 
 N  C Zr 
UiO-66 1080  0.29 - - - 
UiO-66-BA 1147  0.55 1 33.11 28.54 
UiO-66-ABA           800  0.27 2.54 34.91 25.43 
NH2-UiO-66                      940  0.26 2.77 33.92 22.51 
NH2-UiO-66-BA          892  0.25 4.32 24.77 26.60 
NH2-UiO-66-ABA       873  0.23 5.93 28.98 24.28 
a 
calculated by t-plot method 
 
structure.[37,52]
 
Only UiO-66 modulated with benzoic acid (UiO-66-BA) has a slightly higher 
surface area than UiO-66.[48] The SEM pictures (Fig. 1) show that the crystal size did not change 
substantially with modulation. A narrow crystal size distribution can be observed for all synthesized 
MOF particles ranging between 100-200 nm. Some limited aggregation of NH2-UiO-66-ABA MOF 
particles seems present. XRD analysis was carried out to verify the crystalline structure and phase 
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purity of the synthesized MOFs. NH2-UiO-66 was expected to have a diffraction pattern similar to 
that of the conventional UiO-66 MOF material. Fig. 2 shows the powder diffraction pattern of the 
MOFs, which are all similar to XRD patterns in literature.[33]  
 
 
Fig 1. SEM images of synthesized MOF fillers (a) UiO-66, (b) UiO-66-BA, (c) UiO-66-ABA, (d) NH2-UiO-
66, (e) NH2-UiO-66-BA, (f) NH2-UiO-66-ABA 
2.4.2.MMM characterization 
 
The average thickness of these membranes was 70-100 µm and the physical appearance of these 
membranes is shown in Fig.3. The SEM images of the MMMs in Fig. 4 show the cross-section of 
the MOF filled MMMs at 30 wt% loading. All membranes show a uniform MOF dispersion in the 
polymer matrix. There is no significant void formation visible around the incorporated fillers. The 
fillers also show very little agglomeration, confirming the good interaction between filler and 
polymer matrix. The concentric cavities in the MMMs are an indication of a strong interfacial 
interaction between the modulated fillers and the polymer matrix (Fig. 4).[16,53] While preparing 
the MMMs, it became even visually clear that probe sonication of the solution prior to casting the 
membranes in the petri dish was essential to accomplish such nice distribution. All membranes were 
also found to be flexible enough for easy handling and use in permeability measurements, even at 
the relatively high loading of 30 wt%. This good particle-polymer interaction is attributed to the 
hybrid nature of the MOFs and especially to the precise control over the outer surface of the MOF 
(in this case via benzoate phenyl and/or pendant amine groups). The amine groups might even lead  
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Fig 2 : Powder X-Ray diffractograms of the as-synthesized MOFs 
to the covalent linking with the PI-chains.[54,55] With windows of around 6Å in the MOF-
structure, it is even additionally plausible for the PI chains to, at least partially, intrude into the 
MOF-pores and thus further enhance compatibility and interactions. Table 3 shows the mechanical 
properties of the dense MOF-filled PI-membranes at 30 wt% loading. It can be observed that the 
tensile strength of the MMMs is less than that of unfilled PI membranes and that the values of all 
MMMs are quite close to each other. This could be ascribed to the incorporation of fillers which act 
as stress concentrators and therefore, reduce 
 
Fig 3: View of selected membranes prepared in petri dishes: (left) NH2-UiO-66-ABA, (right) UiO-66-BA 
 
the tensile strength with MOF loading. On the other hand, the Young’s modulus of the MMMs is 
higher than for the unfilled PI membrane, which confirms the good dispersion of the MOFs 
throughout the PI matrix, as well as a good interaction between the fillers and the PI matrix.  
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Fig 4. SEM images of cross-sections of Matrimid
®
 membranes containing 30 % loading of (a) UiO-66, (b) 
UiO-66-BA, (c) UiO-66-ABA, (d) NH2-UiO-66, (e) NH2-UiO-66-BA, (f) NH2-UiO-66-ABA 
Moreover, the incorporation of fillers in the polymer matrix does not affect the crystalline nature of 
these fillers (Fig. 5), as confirmed via XRD. 
The glass transition temperatures (Tg) of the MMMs are presented in Table 3. The increase in Tg of 
the MMMs upon incorporation of fillers further confirms an  increased polymer chain rigidity upon 
MOF addition, thus again proving the good interactions between polymer matrix and filler.[56]  
 
Fig 5: X-ray diffractograms of the as-synthesized MOF/PI based MMMs with 30 wt% loading. 
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Chemical csross-linking is a common way to covalently link polymer chains. It reduces the 
plasticization of PI in the presence of highly soluble gases like CO2.[57] In this regard, most 
research has been done on PI using diamines as cross-linker.[58,59] In this work, using MOFs that 
contain amino groups as part of the linker or as modulator create a chance for reaction with the 
imide groups of the polymer by converting these into amides. ATR-FTIR spectra of MMMs are 
presented in Fig. 6. The bands at 1789 and 1713 cm
−1
 are assigned to the symmetric and asymmetric 
stretching of the C=O groups of the  
Table 3: Mechanical properties and DSC (Tg) analysis of PI-based MMMs filled with MOF 
particles at 30 wt% loading 
MOF filled MMM Tg  
(°C) 
Young’s modulus 
(GPa) 
Tensile strength 
(MPa) 
Unfilled PI 302 2.31 93.5 
UiO-66 319 2.94 65.7 
UiO-66-BA 323 2.91 61.5 
UiO-66-ABA 313 2.95 58.4 
NH2-UiO-66                      315 3.07 59.3 
NH2-UiO-66-BA          320 2.88 68.3 
NH2-UiO-66-ABA       321 3.06 56.1 
 
polymer imide. The 1361 cm
−1
 absorption band is attributed to the C–N stretching of the imide 5-
membered ring of Matrimid
®
. The possible cross-linking can be confirmed via appearance of the 
amide signals at 1538 (stretch of C–N and/or strong bend of N–H) and 1648 cm−1 (C=O 
stretch).[45] However, these peaks were not well pronounced in MMMs with 30 wt% loading. This 
might be due to the relatively low concentration of formed amide groups between the MOF particles 
and the polymer matrix, since only the amino groups at the outer surface of the MOFs can 
participate in these cross-linking reactions. Keeping this in view, membranes with 50 wt% loading 
were fabricated to perform additional ATR-FTIR spectra. The characteristic bands of the amide 
group (see grey area at 1538 cm
-1 
in
 
Fig. 6) (see dark grey area), thus confirming the link of the 
amino groups present on the surface of the MOF particles with the Matrimid
® 
matrix.[59] 
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Fig. 6: Comparison of ATR-FTIR spectra between 3600 and 1100 cm
−1
 of the unfilled PI membrane and 
MMMs containing 50 wt% MOF.     
 2.4.3.Gas separation 
The mixed gas permeabilities and selectivities for all membranes are shown in table 4. At least 3 
membranes were tested per composition and at least 3 coupons from each membrane were prepared 
to provide reliable data. The selectivity and permeability values of the unfilled polymer membrane 
(table 4, entry 1) are in agreement with already reported results.[10,57,60] The incorporation of all 
fillers resulted in both better permeation rates and separation factors (table 4, entry 1 vs 2-7). Such 
increase in permeability accompanied by an increase in selectivity using binary gas feeds proves 
that the membranes are defect-free and that the filler-polymer combination was well chosen. All 
CO2 permeabilities at least double compared to the unfilled reference membrane, indicating that 
UiO-66 incorporation thus generally leads to a faster diffusion of the gas molecules due to the 
introduction of large permanent pores in the membranes, providing easy passage for the penetrant 
gases. The presence of the linker –NH2 group increases the selectivity of the MMMs, as attributed 
to the dipole-quadrupole interaction with CO2, but not with CH4. As recently reported, [37] the use 
of an NH2-functionalised linker instead of the conventional terephthalic acid during MOF-synthesis 
(table 4, entry 2 vs 5) indeed increases the MMM selectivity and permeability, even though the 
impact does not surpass the statistical error for this data set.  
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Table 4: CO2/CH4 mixed gas separation data for synthesized MOFs-based MMMs with 30 wt% loading 
Entry Membrane αCO2:CH4 P
b
 * PCO2
c
 
1 Unfilled PI 31.2 ± 1.1 3.5 ± 0.7 5.9 ± 1.5 
2 PI + UiO-66 35.8 ± 1.5 8.1 ± 0.7 15.7 ± 1.6 
3 PI + UiO-66-BA 42.9 ± 1.3 9.1 ± 0.8 17.8 ± 1.7 
4 PI + UiO-66-ABA 45.1 ± 1.5 7.0 ± 1.2 13.6 ± 2.3 
5 PI + NH2-UiO-66  37.3 ± 1.3 9.2 ± 0.9 17.8 ± 1.8 
6 PI + NH2-UiO-66-BA 39.3 ± 1.4 8.9 ± 1.2 17.4 ± 2.3 
7 PI + NH2-UiO-66-ABA 47.7 ± 1.3 19.4 ± 1.0 38.0 ± 2.2 
a 
Standard experimental conditions: upstream pressure = 9 bar, downstream= vacuum, operating  temperature = 308 K,  feed= CO2/CH4 (50/50) vol % 
b 
Mixed gas permeability expressed in Barrer 
c 
Obtained by multiplying the mixed gas permeability (in Barrer)  with the factor (yCO2/xCO2), where “x” is the mole fraction  of CO2 in feed and “y” is 
the mole fraction of CO2 gas in permeate[61]  
 
With respect to modulation, MMM(UiO-66-BA) showed a 20% higher selectivity than 
MMM(UiO-66) (table 4, entry 3 vs 2 ), due to an improved adhesion of the polymer phase to the 
filler. Also, a relatively more crystalline structure of the MOF is generally obtained via a better 
controlled nucleation rate.[41] The same effect of BA-modulation (15% more selective) can also be 
observed by comparing MMM(NH2-UiO-66-BA) with MMM(NH2-UiO-66), both containing amino 
groups on their linkers (table 4, entry 6 vs 5). Modulated MOF based MMMs thus generally show 
an increased CO2 selectivity over CH4, while they have comparable or higher permeability values 
than  non-modulated MOFs in MMMs. The increase in permeability might be attributed to the 
excess free space in the MOFs created by the modulation, as linker are only fixed to one metal ion. 
In addition, the better performance of MMMs with modulated MOFs can be due to the missing 
metal coordination inside the MOF structure[62] which could lead to increased CO2-metal 
interactions.[63,64] 
Finally, the combination of an amine-functionalized modulator and an amine-functionalized 
linker, by far results in the best performance of all MMMs (over 50% more selective and 540% 
more permeable than the reference Matrimid
®
 membrane and respectively 30% and 140% more 
selective and permeable than the MMM based on the reference UiO-66). The modulation by amino 
benzoic acid groups thus gives the best performance, attributed to the formation of defect-free 
membranes due to strong -NH2 interactions with the polymer matrix, along with a higher gas 
permeability attributed to the excess free space in the MOFs created by the modulation. In addition, 
the presence of amine groups inside the pores of the MOFs (thanks to both the modulation and the 
use of amine-functionalized linkers) and the presence of linker vacancies inside the MOFs, 
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positively influenced CO2 transport through MOFs. Even though the performance of MMMs 
depends strongly on the operating conditions, reported values represent the best mixed gas 
separation performances under comparable conditions for CO2/CH4 achieved by UiO-66 based 
MMMs so far.  
A broader comparison with literature on CO2/CH4 separations using MOF-based MMMs is 
given in Table 5. Extremely high permeability and selectivity values were achieved when MIL-101 
filled with PEI was embedded into SPEEK and measured with hydrated mixed gas feeds.[38] 
Although Matrimid
®
 based MMMs filled with ZIF-8 materials showed a very high as selectivity of 
124 at 50 wt% loading, the reported 40% standard deviation on this number show a significant lack 
in reliability.[7] In addition, the selectivity value is based in single gas permeations, which always 
overestimate real mixed gas selectivities. The MMM containing MOF-5 reduced the ideal CO2/CH4 
gas selectivity by 24 % due to a poor dispersion of the fillers in the polymer matrix.[28] 
Incorporation of Cu-BPY-HFS in Matrimid
®
 led to a remarkable decrease in mixed gas selectivity 
indicating defects in these MMMs.[65] Higher permeability values with slightly increased CO2/CH4 
selectivities were observed using MIL-53 with Matrimid
®
, as ascribed to the large pores in this 
MOF.[66] Seoane et al. used MIL-53(Al) and MIL-101(Al) functionalized with amino groups in 
MMMs dispersed in fluorinated sulfone-containing copolyimides. In this copolymer, the 6FDA-
dianhydride part with the CF3 groups was substituted by 3,3´,4,4´-diphenylsulfonetetracarboxylic 
dianydride. The NH2-MIL-101(Al) filled MMM showed a 20% increase in ideal gas selectivity with 
reduced CO2 permeability, while the NH2-MIL-53 based MMM showed a slight increase in 
selectivity at the expense of permeability.[67] Nik et al. used amino functionalized MOFs (NH2-
MOF-199 and NH2-UiO-66) as fillers in 6FDA/ODA. The NH2-UiO-66 based MMM showed a 5% 
increase in mixed gas selectivity at the expense of a 7% decrease in gas permeability compared to 
an unfilled polymer membrane, attributed to the creation of a rigidified polymer at the 
filler/polymer interface.[37] From these results, it is clear that a good polymer-filler interaction and 
the correct tuning of the MOF inner and outer structure has always been a major challenge for 
MMMs. The results presented in this paper are clearly among the best selectivity/permeability 
combinations, especially when considering the mixed gas data and use of readily available, cheap 
polymers. 
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Table 5: CO2/CH4 mixed gas separation data for MOF-based MMMs from literature (T = 35°C). 
MOF  Loading 
(wt %) 
Polymer Upstream 
pressure 
(bar) 
PCO2 
(Barrer) 
Selectivity 
CO2/CH4 
Ref. 
PEI-MIL-101 40 SPEEK     10 1800   HF      57.5HF [38] 
ZIF-8  50 Matrimid® 5218       3     13.0  124.9SG [7] 
MOF-5  30 Matrimid® 5218       2     20.2    44.7SG [28] 
Cu-BPY-HFS  30 Matrimid® 5218       4     10.4    25.5SG [68] 
MIL-53  38 Matrimid® 5218       2     51.0    47.0SG [66] 
NH2-MIL-53 (Al)  25 PSF Udel       1       6.2    46.0* [69] 
NH2-MIL-101 30 6FDA based PI       3      70.9    41.6
SG [67] 
MOF-199 25 6FDA-ODA     10      21.8    50.7* [37] 
UiO-66  25 6FDA-ODA     10      50.4    42.3* [37] 
NH2-UiO-66  25 6FDA-ODA     10      13.7    44.7* [37] 
NH2-UiO-66-ABA 30 Matrimid
® 9725       9      37.9    47.7* This 
work 
HF 
Hydrated (saturated) feed gas mixture (30:70 mole%)  
*  Gas feed mixture (50:50 mol %) 
SG
 
Single gas  
 
2.5.Conclusions  
 
MMMs with modulated MOFs were synthesized with 30 wt% loading and their performance 
for CO2/CH4 separation was verified. Due to the combined effect of a modulated MOF synthesis 
and the use of amine-functional linkers, high-performance MMMs were obtained with Matrimid
®
 as 
base polymer for CO2/CH4 mixed gas separations. 
All MMMs showed an increase in performance relative to the unfilled PI membrane. A significant 
increase in mixed gas selectivity and permeability of the membrane with modulated NH2-UiO-66-
ABA as filler proved this filler to be a very good candidate for CO2/CH4 separations. The results 
show that modulation is a very practical technique for the synthesis of MOF particles that have the 
capability to increase the separation performance of MMMs by enhancing the surface interaction 
between filler and the polymer matrix, as well as by increasing selectivities and diffusivities inside 
the filler.  
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Abstract  
Mixed matrix membranes (MMMs) were developed by adding MIL-125(Ti) and the amine-
functionalized counterpart as fillers to Matrimid
®
 polyimide. Through a well-optimized synthesis, 
strong performing MMMs with loadings up to 30 wt% could be prepared. SEM images of the 
synthesised MMMs confirmed the good adhesion to and dispersion of the fillers within the polymer 
matrix. Significantly improved CO2 mixed gas selectivities and permeabilities for (50:50) CO2:N2 
and CO2:CH4 gas mixtures at 9 bar and 308 K were achieved. The separation results demonstrated 
that the overall separation efficiency is increased by the addition of both MIL-125 and NH2-MIL-
125 fillers but that the NH2-functionalized filler is preferred as it leads to higher selectivities and 
permeabilities.  The performance of the membranes was compared to previously reported literature 
data for (CO2:CH4) separation which shows that carefully tuned membrane synthesis procedure 
along with right selection of polymer and filler are crucial factors to get a highly selective and 
permeable membrane. Among non-fluorinated polymers forming the membrane matrix, present data 
outperform all previously reported MMM separation. MMMs based on fluorinated polyimide 
showed slightly higher selectivities, but much lower permeabilities.  
3.1.Introduction  
 
CO2 removal from gas mixtures including natural gas, biogas, and flue gases has evolved to an 
important area of research over the past years, which is related to overcoming the environmental 
issues associated with releasing CO2 into the atmosphere.[1] Conventional methods used for CO2 
removal from gas mixtures are cryogenic distillation or amine-based wet scrubbing.[2] Due to their 
easy processability and cost-effectivity, membrane-based separations have become a competitive 
technology, as other methods have serious environmental issues related to their high energy 
demands and environmental impact.[1,3]  
Besides the development of new polymeric materials and  post-treatment procedures of the 
polymeric membranes via thermal rearrangement or crosslinking, an attractive alternative is the 
development of mixed matrix membranes (MMMs) which combine the mechanical properties and 
processability of polymeric materials with the selective properties of the fillers.[4] Extensive efforts 
have focused on enhancing the gas separation properties, i.e. the selectivity and permeability, of 
these MMMs. A wide variety of inorganic and organic porous materials, such as silica, zeolites, 
carbon materials and MOFs have therefore been explored.[4–9] In light of their large surface area, 
tunable porosity and adjustable chemical functionality, MOFs have been extensively studied in a 
variety of applications, including gas storage and separation.[10] Because of their high separation 
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performance and good adhesion to the polymer phase of the membranes, many MOFs have got 
attention in recent years as filler agents in MMMs including UiO-66, MOF-5, Cu3(BTC)2, MIL-
101(Al), and MIL-53(Al).[11–15]  
The interactions of CO2 with the aromatic rings of many of the commonly used linkers in MOFs 
can be enhanced by introducing polar functional groups onto these linkers, e.g. -OH, -F, -COOH, -
NH2 and -SO3H groups.[16,17] Most notably, the introduction of amine groups into the pore 
structure of MOFs leads to the preferential adsorption of the weakly acidic CO2. The resulting 
materials combine the advantages of the large surface areas and pore volumes of MOF fillers with 
the CO2 selectivity of amine groups as typically used in current gas scrubbing technologies.[18] In 
the last few years, several investigations have been undertaken on amine-functionalized MOF fillers 
in MMMs for CO2 separations.[19,20] For instance, man-sized NH2-MIL-53(Al) particles showed 
enhanced separation properties and good adhesion to the polysulfone (PSf) polymer in the MMM, 
even at high filler loadings. This was attributed to the hydrogen bonding interactions between the 
MOF and the polymer.[14] Similarly, Nik et al. synthesized MMMs based on 4,4′-
(hexafluoroisopropylidene)diphthalic anhydride and 4-aminophenyl ether (6FDA-ODA) with UiO-
66, MOF-199 and their amine-functionalized derivatives as fillers. Clear improvements were 
observed in the gas separation properties of the MMMs based on the amine-containing MOFs.[21] 
This was attributed to the interaction of the MOF amine groups with the polymer at the 
filler/polymer interface, which decreases the permeability while increasing the selectivity by 
rigidifying the polymer at this interface. 
 A new titanium based MOF MIL-125 (Ti8O8(OH)4[O2C-C6H4-CO2]6) was reported by 
Hardi et al. which exhibits excellent thermal stability as well as high porosity.[22] This MOF 
has a quasi-cubic tetragonal structure in which the three-dimensional arrangement of 
octanuclear Ti-clusters affords octahedral vacancies with effective diameters of 12.6 and 6.1 
Å, respectively. These cages exhibit free apertures in the 6Å range which provide easy 
access for guest molecules. Later on, Zlotea et al. reported the amine-functionalized MIL-
125 in which the octahedral (10.7 Å) and tetrahedral (4.7 Å) cages are accessible through a 
more narrow  window of about 5-6 Å.[23] The adsorption studies on these MOFs show that 
the presence of accessible -OH groups on the clusters and -NH2 groups on the linkers makes 
them good candidates for CO2 separations from biogas and natural gas.[24–26] Recently, 
Guo et al. investigated the separation properties of NH2-MIL-125 fillers in PSf-based 
membranes for CO2:CH4 gas mixtures. They showed that the MOF particles can 
significantly improve the CO2 permeability compared to the unfilled polymer membrane, 
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along with an only slightly enhanced CO2:CH4 (1:1) separation factor at 20 wt% filler 
loading (i.e. a 10 % increase in selectivity and 200% increase in CO2 permeability). This 
might be attributed to the poor polymer-filler adhesion properties, resulting in some non-
selective voids. This was quite evident from the MMM with 30 wt% loading, for which 
selectivity dropped to only 5.7 compared to the selectivity of MMM with 20 wt% loading 
(29.5).[27] Therefore, in this work, a comprehensive study of MMMs based on MIL-125 and 
NH2-MIL-125 fillers is presented for the separation of CO2:CH4 and CO2:N2 gas mixtures. 
Matrimid
®
 was chosen here as membrane forming polymer because it is an excellent 
polymer for this type of gas separation with relatively good mechanical properties and easy 
availability. Moreover, because of this amine group, covalent bonding between the 
polyimide and the filler can be expected.[28–30] The dual contribution of fillers to the 
selective increase of CO2 solubility and diffusivity (relative to CH4 or N2) along with a 
carefully tuned membrane synthesis procedure is anticipated to result in superior CO2 
selectivity and permeability for this type of membrane containing NH2-MIL-125 as filler. 
 
3.2.Experimental 
 
 3.2.1.Materials   
 Polyimide (Matrimid
®
 9725) was kindly provided by Huntsman (Switzerland). 
Trichloromethane (chloroform) was supplied by Acros. CO2, CH4 and N2 gases were supplied by 
Air Liquide (Belgium). Pivalic acid (99%), N,N-dimethylformamide (DMF) (extra pure), 
terephthalic acid (98%), 2-aminoterephthalic acid (98%), acetonitrile (99.8%) and tetraisopropyl 
orthotitanate (97%) were purchased from Aldrich. 
 3.2.2.Preparation of MOFs  
In a typical synthesis of MIL-125, 17.5 g of pivalic acid was dissolved in a solution of 125 ml of 
acetonitrile and 5 ml of tetraisopropyl orthotitanate.[31,32] This synthesis mixture was heated at 
100 °C for 3-4 days to get a high yield of white crystals in the synthesis solution. The crystals were 
filtered off and dried at 80 °C for 24 h before grinding them softly to get a fine white powder. 2.4 g 
of this powder was added into a 50 ml mixture of DMF:methanol (1:1) and then added to a solution 
of 3 g terephthalic acid in 75 ml DMF. This solution was put into an oven at 100 °C for 24 h. 
Excessive washing of the resulting powder with DMF to remove the excess of unreacted ligands, 
followed by washing with methanol to exchange the DMF gives highly crystalline MIL-125 
 56 
 
crystals. NH2-MIL-125 was synthesized in the same way except that the amount of 2-
aminoterephthalic acid used was 3.3 g.[33]  
 3.2.3.Preparation of unfilled polymeric membrane 
Matrimid
®
 was dried at 110 °C overnight in an oven before dissolving it in chloroform to form a 
6.0% (w/w) viscous solution which was stirred for 24 h. The solution was cast onto a flat petri dish 
which was then covered with an inverted funnel (10.5 cm in diameter and 16 cm in height) fully 
wrapped with aluminum foil in order to control the evaporation rate of the solvent at room 
temperature for at least 24 h. The resulting film was dried in an oven at 50 °C after which the 
temperature was raised at a rate of 20 °C/h to 270 °C and kept constant for 4 h. Afterwards, the 
films were slowly cooled down to room temperature. At least 3 circular coupons having an area of 
2.24 cm
2 
(with an effective area of 1.54 cm
2 
during the filtration) were cut from the prepared 
membranes and used for gas permeation experiments.  
3.2.4.Preparation of MMMs 
Matrimid
®
 and both MOFs (MIL-125 and NH2-MIL-125) were dried overnight at 110 °C and 
150 °C respectively. The MMMs were prepared using a priming protocol.[34] Priming of the MOF 
particle suspension with the part of polymer solution before the addition of the bulk polymer 
reduces the stress at the particle-polymer interface.[35] 5, 10, 15, 20 and 30 wt. % suspensions of 
both MOFs were prepared by solution blending with chloroform, as determined by Eq (1). 
               (    )  [  
           
                        
  ]                (1) 
 
The calculated amount of polymer was added to half of the required amount of solvent and stirred 
for at least 6 h at 40 °C to make a homogeneous solution. The required amount of filler was first 
added in the other half of the amount of total required solvent, and stirred for a few hours at room 
temperature to allow uniform dispersion. Then, 20% of the total amount of prepared polymer 
solution was slowly added to the MOF suspension by using a priming technique and the resulting 
solutions were stirred for 4 h, followed by addition of 30%, of the total polymer into the solution 
and stirring for another 2 h. This step was followed by addition of the remaining 50% of the total 
polymer solution into the solutions. Before every addition, the solution was sonicated for 20 min. 
After the final additions, the solutions were stirred for another 24 h. To adequately disperse the 
MOF particles in the Matrimid
®
 matrix, all suspensions were stirred and sonicated for at least 2 min 
each to achieve homogeneous suspensions. From this point onward, the preparation procedure for 
the MMMs was similar to the pure polymer membrane preparation described above, except that the 
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MMMs were annealed at only 170 °C due to presence of amine groups in the MMM structures (See 
Fig. 3). The coupons ready for gas permeation are shown in Fig 1. 
 
Fig 1. Images of the prepared membrane coupons. 
3.3.Characterization  
The nitrogen sorption isotherms of the MOF fillers were measured using a Coulter 100 Gas 
Sorption analyzer (US) in order to determine the BET surface areas. Prior to the measurements, the 
samples were outgassed at 140 °C under vacuum for 10 h. A TGAQ500 from TA instruments 
(USA) was used to perform dynamic thermogravimetric analyses (TGA) at a heating rate of 
10 °C/min. The samples were heated from room temperature to 700 °C in an N2 atmosphere. 
Powder X-ray diffraction (XRD) patterns were recorded on a STOE STADI P COMBI 
diffractometer with an image plate position sensitive detector (IP PSD) in the 2θ region from 5° to 
60°, with internal resolution of 0.03° and counting time of 1200 s. The measurements were 
performed in transmission mode at room temperature using CuKα1 radiation (λ = 1.54056 Å) 
selected by means of a Ge (111) monochromator. The filler and membrane morphologies as well as 
the filler dispersion in the polymer matrix were analyzed using scanning electron microscopy (SEM 
Philips XL30 FEG). Membrane cross-sections were obtained by breaking dry membranes frozen in 
liquid nitrogen. Prior to analysis, a gold film was sputtered onto the samples.  
3.4.Gas permeability 
The gas permeation experiments were carried out by using a high-throughput gas separation 
(HTGS) membrane system (HTML, Belgium) described elsewhere.[36] Mixed gas selectivity and 
permeability values were measured. The equipment is able to measure gas permeance and 
selectivity of 16 membrane coupons using variable feed pressures and temperatures. The 
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composition of the permeates was analyzed by a compact gas chromatograph (CGC, Interscience) 
and then this permeate was swept by a vacuum pump (Pfeiffer Dua 2.5).  
Prior to the measurements, the module was evacuated by a vacuum pump for at least 2 h to remove 
residual gases. The gas mixture was then fed into the module at a rate of 1 l/min, controlled by mass 
flow controllers (MFC, Bronkhorst). The permeate was allowed to enter into the CGC by opening 
the 16 way valve to determine the gas selectivity. The upstream pressure was adjusted by a back-
pressure regulator mounted on the purge line. The gas permeance was measured using a constant 
volume auxiliary cylinder (maximum measurement limit of 10 mbar) connected to a MKS 
Baratron
®
 pressure transducer. 
For gas permeability determinations, the valve between the auxiliary cylinder and the 
vacuum pump was closed and the permeate was sent to an auxiliary cylinder for expansion by 
opening a three-way valve to measure the rate of increase in pressure with respect to time (dP/dt) 
until it reached steady-state. The mixed gas steady state permeability was determined by the 
constant volume method described above, and is calculated by the equation (2): 
  
       
   
  
   
  (      )⁄     
  (
  
  
)                    ( ) 
where V is the downstream volume (cm
3
) and A the membrane permeation area (cm
2
), P1 is the 
pressure of the feed gas (psi) and T is the operating temperature (K). Mole fractions of component i 
in the downstream and upstream are designated by yi and xi respectively. The mixed-gas selectivity 
was calculated by the ratio of the mole fraction of the two gases downstream (y) and upstream (x) 
using equation (3): 
                         α i/j  = ( y i / y j )  /  (x i / x j )                                                             (3)         
where xi and xj are the mole fractions of components i and j in the upstream respectively, while yi 
and yj are the mole fractions of components i and j in the downstream respectively.  
  
3.5.Results & discussion 
3.5.1.MOF Particle characterization  
The measured BET surface areas of MIL-125 and NH2-MIL-125 are 1040 m
2
/g and 930 m
2
/g, 
respectively, which is somewhat less than the highest reported values (1300-1500 m
2
/g for MIL-125 
and 1130 for NH2-MIL-125) [22–24]. This could be due to residual solvent.[26] In general, the  
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Fig 2. SEM images of the synthesized MOF fillers (a) MIL-125, (b) NH2-MIl-125. 
specific surface area of the functionalized NH2-MIL-125 is slightly lower than that of the 
unfunctionalized analogue, which is in agreement with reported data.[24]
 
 
The SEM pictures of the particles (Fig. 2) show that the size of the synthesized MIL-125 
particles is about 1.5-2 µm. Crystallites of NH2-MIL-125 are significantly smaller and form small 
aggregates. XRD analysis was carried out to verify the crystalline structure and phase purity of the 
synthesized MOFs. The diffraction patterns presented in Fig. 3 are in good agreement with reported 
data in literature.[22,24] 
 
 
Fig 3. Powder X-ray diffractograms of the as-synthesized MOFs. 
3.5.2.MOF containing MMMs 
 
SEM images of the MMMs, as shown in Fig. 4, show the cross-section of the MOF-filled 
MMMs at 5, 15 & 30 % loading. The SEM images of membranes with 5 & 15 wt% loading show a 
uniform MOF dispersion in the polymer matrix. There is no significant void formation around the 
incorporated fillers. The fillers also show very little agglomeration, confirming the good interaction 
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between filler and polymer matrix. However, at higher loading, i.e. 30 wt%, a strong particle 
agglomeration can be observed, especially in the NH2-MIL-125-based MMM. This might be 
attributed to the relatively smaller particle size, i.e. 100-200 nm as compared to the native MIL-125. 
The concentric cavities in the MMMs are an indication of a strong interfacial interaction between 
the MOF particles and the polymer matrix.[13] These membranes were found to be flexible enough 
for use in permeability measurements, also at loadings up to 30 wt%.  
 
Fig 4. SEM images of cross-sections of Matrimid
®
 with different loadings of various fillers (a) MIL-125 
(5wt%), (b) MIL-125 (15 wt%), (c) MIL-125 (30 wt%), (d) NH2-MIL-125 (5 wt%), (e) NH2-MIL-125 (15 
wt%), (f) NH2-MIL-125 (30 wt%). 
Weight loss profiles of MOFs and MMMs as a function of temperature are presented in Fig. 5. 
The acquired data show a comparison of the TGA curves of the MIL-125 and NH2-MIL-125 fillers 
and their respective MMMs with a filler loading of 30 wt%, along with the pure Matrimid
®
 
membrane. For the MOF particles, the first weight loss occurs between 25°C and 200°C and can be 
attributed to the removal of the guest molecules (H2O, MeOH and residual DMF).[37] The second 
weight loss around 320 °C for NH2-MIL-125 is due to the degradation of the framework while a 
similar structural collapse occurred for MIL-125 fillers at around 420 °C because of the 
decomposition of NH2-BDC and BDC linkers respectively, which agrees with the experimental 
observation made by others.[24,26] For MMMs prepared from both fillers (NH2-MIL-125 and MIL-
125), the TGA curves show that the weight losses occur at slightly higher temperatures than those 
of the MOF fillers. This indicates that the combination of fillers with Matrimid
®
 enhances the 
thermal stability of the MOF fillers due to the good contact with the polymer matrix.[8,13] 
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Moreover, MIL-125 based MMMs have higher temperature stability compared to amine-
functionalized MIL-125 based MMMs.   
 
Fig 5. Thermogravimetric analysis of the fillers and MMMs with Matrimid
®
. 
 
3.5.3.Permeation results 
The mixed gas permeabilities and selectivities for all membranes are shown in Fig. 6. The 
performances of both the MMMs and the reference unfilled Matrimid
®
 membrane were examined 
for the separation of CO2:N2 and CO2:CH4 (50:50) gas mixtures. Reproducibility of the MMMs was 
confirmed by performing multiple separation tests. All values in Fig. 6 were found to be accurate 
within 1-5% error margin by using standard deviation analysis on at least 3 coupons with 5 
measurements per coupon, confirming the consistency of both the carefully tuned MMM synthesis 
procedure and the experimental methods used to evaluate the gas separation. The selectivity and 
permeability values of the unfilled reference membrane are in agreement with already reported 
results.[38,39] All MMMs show a strong enhancement in both CO2:CH4 and CO2:N2 selectivity and 
permeability compared to the unfilled PI membrane. Such enhanced permeability without loss in 
selectivity signifies that a major part of the gas is being passed through the pores of the MOF 
particles, and that the membranes are essentially defect-free. The increase in selectivity of these 
MMMs is attributed to the small micropores (6Å) allowing permeating molecules to interact better 
with the -OH groups in the Ti8O8(OH)4 clusters of the MOFs and with the NH2-groups on the linker 
of the amine-modified MOF. These functional groups can induce quadrupole interactions with CO2, 
but not with CH4. In the case of CO2 and N2 mixtures, with quadrupolar moments of 13.4 x 10
-40
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cm² and 4.7 x 10
-40
 cm² respectively, a stronger interaction of the framework will still exist with 
CO2, leading to a selective permeation of this molecule over N2.[8]  
 
Fig 6. CO2:CH4 (50:50) and CO2:N2 (50:50) mixed gas selectivity and permeability data for a unfilled PI 
membrane and the MMMs containing 5, 10, 15, 20, 30 wt% MOF loading 
The overall higher selectivity values for MMMs prepared with NH2-MIL-125, as observed both 
in the CO2:N2 and CO2:CH4 separations, thus can be ascribed to the presence of the amine groups 
which form extra CO2 selective sorption sites, offering favorable hydrogen bonding with 
CO2.[24,40] 
 For NH2-MIL-125 containing membranes, the separation performance is further 
increased by the good interaction between the filler and the bulk polymer. Indeed, in addition to the 
creation of extra H-bonds between the NH2-group of this filler and the polyimide, even covalent 
bonds can be formed between the -NH2 group at the filler surface and the polymer chains.[24,27–
29] The smaller BET surface area of NH2-MIL-125 does not counteract these effects.[41] At low 
pressures, CO2 uptake in MOFs is governed mainly by strong interactions between CO2 and the 
MOF, while free volume and accessible surface areas become more crucial parameters at higher 
pressures.[42]  
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At high filler loadings, i.e. above 15 wt%, the selectivity tends to decrease somehow, while the 
permeability further increases consistently. This can be ascribed to a dual effect: filler dispersion 
might gradually get worse at higher loadings, resulting in creation of some interfacial voids between 
polymer and filler.[13,34,43] Moreover, the higher permeability of MMM(NH2-MIL-125) 
compared to that of MMM(MIL-125) might also be attributed to the smaller particle size of NH2-
MIL-125 (see Fig. 2) which could contribute in addition to a slightly worsened dispersion of fillers 
inside the polymer matrix.[44,45] Higher filler loadings thus lead to an increased diffusivity, 
providing easy but less selective passage for all gases. This increase in diffusivity of all gases then 
starts to overrule the enhanced CO2 selectivity introduced into the MMM by increasing the amount 
of filler. This overall results in a quasi-unchanged or slightly decreased selectivity while the gas 
permeability increases. 
For the CO2:N2 separation, the results are slightly less pronounced. Compared to the unfilled PI 
membrane, selectivity increases of 54 % and 67 % are observed here for MMM(MIL-125) and 
MMM(NH2-MIL-125), respectively, at 15 wt% loading. With higher loadings of 30 wt%, both 
membranes showed a slight decrease in selectivity but a 3-fold and 6-fold increase respectively in 
permeability for MMM(MIL-125) and MMM(NH2-MIL-125) relative to the unfilled PI. This is 
attributed to the aforementioned issues associated with more critical filler dispersion. However, the 
separation performance is still better than that of unfilled Matrimid
®
.  
As the CO2:CH4 separations are best represented in literature, a comparison with literature data 
using MOF-based dense MMMs is given in Table 1, with PSf and PI-based data separated. The 
results for the unfilled membranes are given as reference.[46,47] PSf-membranes filled with NH2-
MIL-53(Al)  showed a 35% lower selectivity and a halved CO2 permeability as compared to the PI-
analogue (Table 1: entry d and q vs. f and p), in line with the performance of the polymers these 
membranes are prepared from.[12] On the other hand, PSF Udel
®
 membranes filled with the same 
filler showed an almost 2-fold increase in selectivity and slightly increased permeability compared 
to unfilled polymer membrane (Table 1: entries g vs. f). This was attributed to the excellent 
adhesion of this filler to PSf Udel
®
 through hydrogen bonding interactions. In contrast, adding 
aminated UiO-66 to 6FDA-ODA did not really change performance much (Table 1: entries h vs. 
k).[14]  
Similarly, MMMs filled with the (Cu-benzenetricarboxylate MOF) MOF-199 had a drastically 
decreased selectivity and slightly increased permeability when PSf was used (Table 1: entry c), 
attributed to the presence of voids at the MOF-polymer interface due to a bad filler/polymer 
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compatibility.[48] Embedding the same MOF in PI led to better results, especially when the MOF 
was NH2-functionalized, as explained above (Table 1: entries h, i and j) On the other hand, 
incorporation of amine-functionalized UiO-66 in 6FDA-ODA hardly improved the membranes 
performance (Table 1: entry k). This was ascribed to the creation of a rigidified polymer layer at the 
interface.[21] Partial pore blockage of MOF-199 and rigidification of PI at polymer/filler interphase 
led to reduced selectivity along with decreased CO2 permeation compared to the unfilled membrane 
(Table 1: entries n vs. o ).[45] In contrast, by adding the same MOF to Matrimid
®
, Basu et al. and 
Liu et al. showed that the selectivity can be increased simultaneously with the CO2 
permeability.[49][50]  
Matrimid
®
 filled with well-dispersed MOF-5 particles showed an increased ideal gas selectivity 
and CO2 permeability,[11] but a remarkable decrease in mixed gas selectivity (Table 1: entry r). 
Similar results were obtained when Cu–4,4′-bipyridine–hexafluorosilicate (Cu–BPY–HFS) was 
incorporated into Matrimid
®
.
 
In this case,
 
even both a decrease in ideal as well as in mixed gas 
selectivity was observed (Table 1: entry s & t) upon filler incorporation, most probably to be 
ascribed to non-selective voids around the fillers or presence of agglomerates in the casting 
solution.[51] Overall, it is hard to rationalize above results on MOF-filled membranes, probably 
because such a variety of materials, crystal sizes, membrane preparation and test conditions have 
been applied. Nevertheless, it is clear that especially amine-functionalized MOFs tend to improve 
the membrane performance in general.   
A comparative plot of permeabilities and selectivities of the MMMs from Table 1 and those 
from the present CO2:CH4 work is given in Fig. 7 to better evaluate the separation results. The 
synthesized MMMs with 15 wt% MIL-125 in Matrimid
®
 from the current work show a better gas 
separation performance than the MMMs previously made with NH2-functionalized MIL-125 and 
PSf as polymer matrix (Table 1: entries d and e). In this previous study, it was reported that 30 wt% 
loading of NH2-MIL-125 causes significant loss in selectivity.[27] However, the MMMs reported 
here with 30 wt% loading show even an up to 7 times enhanced permeability with only a minor loss 
in selectivity compared to the MMM(NH2-MIL-125) with 15% wt % loading. This is still far better 
than the MMM(NH2-MIL-125) with 20 wt% loading in a PSf matrix. From all these comparisons, it 
would be most promising to replace the Matrimid
®
 from the current work by a fluorinated PI in 
order to start from a polymer with better intrinsic CO2 separation properties.  
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Table 1. CO2:CH4 mixed gas separation data for MOF-based MMMs from literature at 35 °C and 
their reference unfilled polymeric membranes. 
Entry Filler Loading 
(wt %) 
Polymer Operation 
conditions 
(bar) 
PCO2 
(Barrer) 
Selectivity 
CO2:CH4 * 
Ref. 
a -    - PSf 10   7 27  [27] 
b MOF-199 10 PSf  n.g.   8   6 
S
 [48] 
c NH2-MIL-53(Al) 25 PSf 1-3   6 27  [12] 
d NH2-MIL-125 20 PSf 10 23 30  [27] 
e NH2-MIL-125 30 PSf 10 37   6  [27] 
f -    - PSf Udel
®
 1-4   5 25 [14] 
g NH2-MIL-53(Al)  25 PSf Udel
®
 1-4   6 46  [14] 
        
h -    - 6FDA-ODA 10  14 42  [21]  
i MOF-199 25 6FDA-ODA 10 22 51  [21] 
j NH2-MOF-199 25 6FDA-ODA 10 27 52  [21] 
k NH2-UiO-66  25 6FDA-ODA 10 14 45  [21] 
        
l -   - 6FDA based co-PI   3 58 35
 S
 [15] 
m NH2-MIL-101(Al) 10 6FDA based co-PI   3 71 42 
S
 [15] 
        
n - - PI   2 90 
a
 13 
S
 [45] 
o MOF-199 6 PI   2 23
  a
   6
 S
 [45] 
        
p -    - Matrimid
®
 5218   2   9 38  [11] 
q NH2-MIL-53(Al) 25 Matrimid
®
 5218 1-3   9 35  [12] 
r MOF-5  30 Matrimid
®
 5218   2 20 29  [11] 
s Cu-BPY-HFS  30 Matrimid
®
 5218   4 10 26 
S
 [51] 
t Cu-BPY-HFS 20 Matrimid
®
 5218   4 10 21  [51] 
        
- -    - Matrimid
®
 9725   9   6 30 This work 
- MIL-125  15 Matrimid
®
 9725   9 18 44 This work 
- MIL-125 30 Matrimid
®
 9725   9 27 37 This work 
- NH2-MIL-125 15 Matrimid
®
 9725   9 17 50 This work 
- NH2-MIL-125 30 Matrimid
®
 9725   9 50 37 This work 
   *    gas mixture (50:50 mol %) except with superscript S representing single gas measurements. 
n.g.   not given 
   a    permeance (GPU). thickness not given 
 
3.6.Conclusions  
MMMs with MIL-125 and NH2-MIL-125 MOFs were synthesized via a carefully optimized 
procedure which ultimately led to membranes with excellent performance in CO2:CH4 and CO2:N2 
gas separations. A significant increase in mixed gas selectivity and permeability of the membrane 
filled with NH2-MIL-125 indicates that it is a very good candidate for CO2:CH4 separations where 
highly permeable and selective membranes are required. Also these results show that an optimal 
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selectivity of 50 is reached already at 15 wt% loading while higher loadings further increase 
permeability substantially but loose some selectivity. At 30 wt% loading, amine-functionalized 
MIL-125 fillers in a PI matrix gave significantly improved separation results for the CO2 separation 
from CH4 leading to 550% increased selectivity combined with 35% higher CO2 permeability as 
compared to the PSf-based MMMs previously reported.[27]  
 
 
Fig 7. Comparative plot of permeabilities and selectivities for gas separation using reported MOF based 
MMMs. Current data are represented by closed symbols for (♦) MIL-125 and (▲) NH2-MIL-125 
membranes. PSf based data is mentioned in shapes filled with grey color while PI-based data is given in 
shapes filled with black color. Arrows indicate the efficiency improvement when moving from unfilled 
Matrimid
® 
membranes to MMMs with increasing filler loadings. Previously reported data are represented by 
letters which refer to the entries in column 1 of table 1.  
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Abstract: 
Mixed matrix membranes (MMMs) have a potential to improve the separation performance of 
polymeric membranes while maintaining their advantages of easy processing and lower costs. In 
this work, series of MMMs were developed via solution casting by adding porous carbon-silica 
nanocomposite (CSM) fillers to a readily available Matrimid® membrane. CSMs were prepared by 
a hard template synthesis technique to get a tuneable porosity and surface chemistry which is 
controlled by the optimization of the filler porosity using  carbon deposition, the pyrolysis 
conditions, and the maximisation of polarity via oxygen functional groups. SEM images of the 
synthesised MMMs confirmed the good adhesion and dispersion of the fillers within the polymer 
matrix. The separation results demonstrate that the overall separation efficiency is increased by the 
addition of a carbon phase, providing an increased affinity for the CO2 gas molecules next to the 
creation of extra porosity and free volume. It was showed that significantly improved CO2 mixed 
gas selectivity and permeability for CO2:N2 and CO2:CH4 gas mixtures at 9 bar and 308 K was 
achieved. For gas mixtures with a 50:50 (CO2:N2) feed composition, a 2-fold and 6-fold increase of 
the mixed gas selectivity (up to 42.5) and permeability (up to 27 Barrer) compared to unfilled PI 
was achieved, respectively. The performance of the membranes was compared to the existing 
literature data. 
4.1.Introduction  
 
 Energy-efficient and environmentally friendly separation processes have been receiving 
tremendous attention both in research and in industry. Pre- and Post-combustion processing 
of flue gas has become a highly relevant process due to economic and environmental 
motives. CO2 separation from flue gas can be achieved by absorption, adsorption, cryogenic 
distillation, or via membrane separations.[1–4] Recently, membrane-based technologies 
have become attractive due to their unique characteristics of high energy efficiency and low 
ecological footprint.[4,5] Compared to the traditional separation methods i.e. 
distillation and adsorption, membrane technology offers various advantages, such as easy 
up-scaling, energy efficiency and continuous operation.[4,6–8] Despite all these advantages, 
the membrane-based separation is facing challenges due to limited performance 
characteristics of polymeric membranes which have been extensively investigated for the 
separation of CO2.[9–11] Polyimides (PIs) have shown good potential as membrane material 
 74 
 
due to their wide commercial availability, promising separation performance and excellent 
thermal and chemical stability compared to other polymers.[12–14]  
Gas permeation through polymeric membranes is governed by the solution-diffusion 
mechanism, involving a size-related difference in diffusion coefficients of the gases in the 
polymer membrane in addition to a contribution from molecular interactions between the 
permeating molecules and the polymer.[15,16] Such gas separation mechanisms are often 
governed by a trade-off between permeability and selectivity, as typically represented in a 
Robeson plot.[17] In order to overcome this limitation, there have been extensive efforts to 
enhance the permeability and selectivity of polymeric membranes by using various strategies 
like chemical modification of polymers and crosslinking.[18–20] Mixed matrix membranes 
(MMMs) are a relatively new class of materials that combine the high process ability of 
polymers with superior permselectivity of inorganic fillers.[21] In this regard, numerous 
filler types have been studied, e.g. zeolites,[22,23] metal–organic frameworks,[24–26] and 
carbon nanotubes.[27,28] Despite the many reports about separation and transport properties 
in MMMs which have overcome the trade-offs of membranes, there are still technical 
challenges to be met with MMMs, since the fillers usually do not have a good interfacial 
compatibility with the polymer matrix.[29] Proper filler and polymer selection and careful 
tuning of the synthesis procedure is required in order to avoid creation of non-selective 
pathways between both phases, particle sedimentation and agglomeration, sieve-in-cage 
phenomenon, and brittleness at higher loading.[24,30,31] 
 In a previous study by our group, carbon-silica nanocomposite materials (CSM) were 
synthesized [32] and used as filler for the preparation of reverse selective MMMs.[33] 
CSMs were prepared by a hard template synthesis technique. They have a tuneable porosity 
and surface chemistry which is controlled by the carbon deposition, the pyrolysis conditions, 
and the application of post-synthetic treatments.[34–36] As various carbon-based materials 
have shown high affinity and adsorption capacity for CO2,[37,38] likewise the carbon 
fraction of such nanocomposite fillers increases the affinity for CO2.[33,39] Optimisation of 
the filler porosity and surface chemistry of the carbon fraction, i.e. maximisation of polarity 
via oxygen functional groups, has been proven crucial to optimise both CO2 selectivity and 
permeability.[36,39] The CSM containing MMMs thus present an alternative to carbon 
molecular sieve (CMS) membranes prepared by controlled pyrolysis of polymeric precursor 
membranes.[40] While keeping all advantages of such carbonised materials, the CSM based 
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MMMs offer an easier process and a mechanically more robust alternative for the brittle and 
expensive CMS membranes. 
 Here, we report how the tuneability of the CSM pore system and its related shape 
selectivity can be combined with enhanced affinity for the penetrating gas molecule. With 
that aim, CSM particles were dispersed in a dense PI matrix for the separation of CO2 from 
CH4 and N2. The dual contribution of CSMs to the selective increase of CO2 solubility and 
diffusivity (relative to CH4 or N2) is anticipated to result in a superior CO2 selectivity and 
permeability for these MMMs. 
 
4.2.Experimental section  
 4.2.1.Materials  
The PI (Matrimid
®
 9725) was kindly provided by Huntsman (Switzerland). Chloroform 
and cetyltrimethylammonium bromide (CTABr) were purchased from Acros (Belgium). 
CO2, CH4 and N2 were supplied by Airliquide (Belgium). Ethanol was purchased from BDH 
Prolabo. Sodium aluminate was purchased from Riedel De Haen. Ammonium hydroxide and 
tetraethoxysilane (TEOS) was purchased from Fluka. Ammonium nitrate was purchased 
from Merck.   
4.2.2.Filler preparation  
4.2.2.1.Preparation of MCM-41 particles  
The MCM-41 template of CSM was prepared according to the method described 
elsewhere.[41] First 5.5 g of surfactant,  CTABr was added into 101.6 g of water and stirred 
for 15 min. Then 133.6 g of the co-solvent ethanol and 37.4 g of ammonium hydroxide (25 
wt%) were added as mineralizing agent to acquire a solution with the required pH 
conditions. Afterwards, 10.4 g of TEOS was added to the solution. After vigorous stirring of 
this mixture for at least 3 hours at room temperature, the synthesis gel was obtained. This 
was washed thoroughly with water until a neutral pH 7 was achieved. After drying overnight 
at 333 K, the MCM-41 powder was calcined for 8 hours by heating it  with the ramp of 1 K-
min
-1
 up to 823 K.  
4.2.2.2.Preparation of CSM particles  
In accordance with earlier reports, CSMs were prepared by incipient wetness 
impregnation of dried MCM-41 with a carbon precursor solution containing furfuryl alcohol 
(FA) and mesitylene.[34,35] Because selective CO2 separation from CH4 and N2 can be 
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governed both by size and affinity effects, a fixed pyrolysis temperature of 1073 K was 
chosen, consistent with former demonstrations of shape selectivity.[34,35]
 
Two distinct 
concentrations of the thermosetting FA in the carbon precursor solution were selected, i.e. 
50 and 100 vol.% in order to control the degree of carbon deposition. Furfural alcohol was 
polymerized at 423 K (catalysed by the acid sites in the silica pores) under inert atmosphere. 
After pyrolysis at the target temperature for 4 hours, the as-obtained CSMs, designated as 
CSM-18.4 and CSM-23.3, contain 18.4 and 23.3 wt% of carbon, respectively.  
4.2.3.Membrane preparation  
Dense PI membranes were prepared from a chloroform solution containing 6 wt% of 
Matrimid
® 
pre-dried at 110 K.  For the preparation of unfilled polymer membranes, 
Matrimid
®
 powder was dissolved in chloroform at RT and stirred for 1 day until a 
homogenous solution was obtained. The solution was left at room temperature for 8 h to 
remove the air bubbles. The resulting solution was cast onto a clean glass petri dish (1 ml 
solution cm
-1
 diameter of Petri dish) and covered with a funnel for slow evaporation of 
solvent at RT for 24 h. After careful removal from the petri dish, the obtained films were 
dried at 313 K overnight before final annealing at 523 K (20 K h
-1
) for 10 h.  
 
 
Fig. 1: Images of prepared membranes prepared from CSM-18.4(30 wt%) (left) and CSM-23.3(30 
wt%) (right) 
 
To obtain the MMMs, particles (silica or CSM) and polymer were first dried at 423 and 383 K, 
respectively. Subsequently, a rigorously optimized preparation procedure was followed. 5, 10, 15, 
20 & 30 wt% suspensions of fillers were prepared by solution blending with chloroform using Eq. 
1.[42]   
               (   )  [  
          
                      
  ]             (1) 
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The required amount of filler was first added in half the amount of total required solvent, and stirred 
for a few hours at room temperature to allow uniform dispersion. The required amount of polymer 
was added to the rest of the solvent and stirred for at least 6 h at 313 K to make a homogeneous 
solution. Then, 20% of the total amount of this polymer solution was slowly added to the filler 
suspension by using a priming technique. Priming of the filler solution with the polymer before the 
addition of the bulk polymer was applied to reduce the stress at the particle-polymer interface.[30] 
The solutions (filler + 20% polymer + solvent) were stirred for 4 h, followed by addition of 30% of 
the total polymer into the solution and stirring for another 2 h. This step was repeated until the total 
amount of polymer was added. Before every addition, the solution (filler + polymer) was sonicated 
for 20 min. After the final additions, the solutions were stirred for another 24 h. To adequately 
disperse the fillers in the Matrimid
®
 matrix, the suspensions used for the preparation were stirred 
and sonicated for at least 2 min each to achieve homogeneous suspensions. From then onward, the 
preparation procedure for the MMMs was similar to the unfilled polymer membrane preparation 
described above. The resulting membranes have an average thickness of 70 to 100 µm, as measured 
by a digital micrometer screw gauge, averaged from at least 3 different spots. 
4.3.Characterizations 
The morphology of the membranes was analyzed by scanning electron microscopy (SEM) 
using a Philips XL30 FEG microscope. Membrane cross-sections were obtained by breaking 
dry membranes under liquid nitrogen. Prior to analysis, a gold film was sputtered on to the 
samples. To determine the porosity of CSMs after filling with carbon precursor, nitrogen 
adsorption measurements were used. The nitrogen sorption isotherms were measured with a 
Coulter 100 Gas Sorption analyzer (US) in order to determine the BET surface areas. Prior 
to the measurements, the samples were outgassed at 573K under vacuum for 12 h. The 
nitrogen sorption data were recorded at 77 K. The Brunauer-Emmet-Teller (BET) method 
was used to obtain surface areas from the isotherms. To obtain isotherms, gravimetric 
sorption analysis was carried out with a magnetic suspension balance (Rubotherm GmbH). 
Argon porosimetry was applied according to Non-Linear DFT (NLDFT) model applicable 
for adsorption isotherm.[36] The mechanical strength of the membranes was studied using a 
mechanical analyzer (DMAQ800) at room temperature. Slabs of the selected membranes 
(length = 10.5 mm, width = 5 mm, thickness = 70 to 100 µm) were measured. A TGAQ500 
(TA instruments USA) was used for thermo-gravimetric analysis (TGA) at a heating rate of 
10 °C/min. The samples were heated from RT to 973 K in N2 atmosphere. 
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4.4.Permeation test  
The gas permeation experiments were carried out by using a custom-built high-throughput 
gas separation (HTGS) system (HTML, Belgium) set-up.[43] Binary gas selectivities and 
permeabilities were determined. The construction and working of the set-up is described 
elsewhere. Fig. 2 shows the schematic diagram of the setup. The equipment can 
simultaneously measure gas permeability and selectivity of 16 membranes at variable 
operating conditions including feed composition, pressure and temperature. It is equipped 
with a stainless steel membrane module and can hold 16 membrane coupons. The 
composition of the permeate from the membranes is analyzed by a compact gas 
chromatograph (CGC, Interscience). After analysis by the CGC, the gas stream is evacuated 
by a vacuum pump (Pfeiffer Dua 2.5). The flow rate of the individual gases is controlled by 
mass flow controllers (MFC, Bronkhorst). For the gas permeability  measurements presented 
in this study, a constant volume auxiliary cylinder with a maximum measurement limit of 10 
mbar connected to a MKS Baratron® pressure transducer  was used. First of all, the line 
from the collector to the HT-module was evacuated by a vacuum pump for almost 2hrs to 
remove residual air and other gases. Then the gas mixture was fed into the system at the rate 
of 1l/min. The upstream pressure was adjusted by a back-pressure regulator mounted on the 
purge line. The permeate was allowed to enter into the CGC by opening the 16 way valve 
(V1) to get the gas composition. To measure the gas permeability, valve V2 between the 
auxiliary cylinder and the vacuum pump was closed down. The permeate gas was allowed to 
expand in the auxiliary cylinder by opening Valve V3. The gas permeability was calculated 
from the rate of pressure increase (dP/dt) obtained when permeation reached steady state, and 
is given in following equation: 
 
              
       
   
 
   
  (      )⁄     
  (
  
  
)                                ( ) 
 
where T is the operating temperature (K), V and A are the downstream volume (cm
3
) and the 
membrane permeation area (cm
2
) respectively. yi and xi are the mole fractions of component 
i in the downstream and upstream respectively, P1 is the pressure of the feed gas (psi). The 
mixed-gas selectivity was calculated by the ratio of  mole fraction of the two gases in 
downstream (y) and upstream (x) streams by using the following equation: 
                                                         α i/j  = ( Y i / Y j )  /  (X i / X j )                                      (3) 
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where xi and xj are the mole fractions of components i and j, respectively in the upstream yi 
and yj are the mole fractions of components i and j, respectively in the downstream.  
 
  
 
Fig. 2: Schematic for the HTGS apparatus [44] 
 
 
 
4.5.Results and Discussion 
 
4.5.1.Particle characterization 
 
SEM observation of the MCM-41 particles shows a very clear spherical morphology (Fig. 3) 
similar to earlier studies.[35,41] Statistical analysis of 30 particles showed an average 
diameter of 520±140 nm. CSMs were prepared using a combustible carbon source to end up 
with amounts of 18.4 and 23.3 wt% carbon in the mesopores of MCM-41 particles following 
the 50 or 100 % filling of the MCM-41 pores by incipient wetness.[35] The pore volume has 
decreased as an increasing amount of carbon is deposited inside the pores, as expected.[35]
 
The main properties of the different fillers used to prepare the MMMs are presented in Table 
1.  
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Fig. 3:  SEM pictures of different particles: (a) MCM-41, (b) CSM-18.4, pyrolyzed at 1073 K,  (c) 
CSM-23.3, pyrolyzed at 1073 K. 
These materials have a total pore volume of 0.43 (CSM-18.4) and 0.28 cm
3
/g (CSM-23.3) 
of which about 30% and 57 % are in the micropore region respectively. The conversion of 
mesopore volume to narrower size of pores is attributed to the shrinkage of the carbon 
structure inside the silica particles at high carbonization temperature i.e. 1073 K, and the 
pore filling with increasing amounts of carbon source. The same phenomena have been 
studied previously where it was observed that bimodal PSDs can be obtained with variation 
in the amount of carbon inside silica particles[45], while the outer surface of the CSM 
particles remains carbon-free.[34,35]. CSM-18.4 
Table 1. Properties of MCM-41 and CSM filler materials   
 MCM-41 CSM-18.4 CSM-23.3 
V total   (cm
3
/g) 
a
 0.77 0.43 0.28 
V micropore (cm
3
/g) 
a
 - 0.13 0.16 
S BET (m
2
/g) 1462 997 684 
Pore size  (half pore width, nm) 
b
                1.76 1.54 1.48 
                                                                                                          
a  
As calculated from the t-plot using the N2 isotherm at 77 K 
b  
As calculated from NLDFT based on the Ar isotherm at 87 K  
 
particles with bimodal porosity (micro and mesopores) might be attributed to the moderate carbon 
loading inside the particle as described earlier.[34] To examine the pore characteristics, argon 
sorption for these particles (see Fig. 4) was measured. Argon was used for adsorption 
measurements as it does not give any specific interactions with the surface functional groups and 
exposed ions during adsorption. It exhibits type IV isotherms, which indicates the typical 
character of mesopores and associated micropores in the materials. As expected, the analysis 
(Table 1) of the particles shows that the pore size of CSM-18.4 is larger than that of CSM-23.3, but 
less than the pore size of MCM-41 (mesopores). 
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Fig. 4: Argon adsorption results for the synthesised particles, measured at 87 K. 
 
The adsorption isotherms of CO2, N2 and CH4 of the porous filler materials are presented in Fig. 5. 
For all the fillers, CO2 is the molecule with the highest adsorption capacity, ranging from 5 mmol/g 
at 30 bar for the CSM materials to 8 mmol/g at 30 bar for MCM-41. This is in accordance with the 
data from porosimetry, where MCM-41 shows the largest pore volume. Methane adsorption is 
significantly lower with a capacity of about 2 mmol/g. Only CSM-23.3 deviates from the other 
materials with a much steeper isotherm for methane and a slightly higher capacity (2.5 mmol/g), 
meaning that methane has a higher affinity for the material with highest carbon content. Nitrogen is 
the least adsorbed component for all materials. Again, CSM-23.3 deviates from the other materials 
as it seems to almost exclude nitrogen from its pores. As the pores are too wide to even consider 
size exclusion and as methane is the bigger molecule, the low adsorption of nitrogen would have its 
origin in low interaction with the material. 
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Fig. 5: CO2, CH4, and N2 adsorption isotherms for synthesised particles: a) MCM-41, b) CSM-
18.4, and c) CSM-23.3 (measured at 298 K). 
 
4.5.2.Membrane characterization 
To determine the mechanical properties, slabs of the selected membranes (length = 10.5 mm, 
width = 5 mm, thickness = 70 to 100 µm) were characterized at room temperature. The 
resulting properties, viz. tensile strength, are presented in Table 3. Mechanical robustness 
decreased with increased filler loadings, but even with 30 wt% loading membranes were still 
strong enough to be handled and tested properly. CSM-23.3 based MMMs have a lower 
tensile strength than the respective CSM-18.4 based MMMs. This might be due to the 
intrusion of polymer into the mesopores of CSM-18.4 fillers, thus giving better polymer-
filler interphase contact. On the other hand, CSM-23.3 has narrower pores and the chances 
for polymer intrusion are smaller, resulting into less strong membranes. This interdifussion 
phenomenon has previously been observed[46] and is further confirmed by the even higher 
tensile strength values obtained for MCM-41 (with fully open mesopores of the moment of 
mixing with the polymer) based MMM.  
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Table 3. Mechanical properties of Matrimid® and MMMs. 
 
Membrane Tensile 
Strength 
(MPa) 
Matrimid® 93.5 
PI / MCM-41 (10 wt %) 79.5 
PI / CSM-18.4 (10 wt %) 71.6 
PI / CSM-18.4 (20 wt %) 52.8 
PI / CSM-18.4 (30 wt %) 20.4 
PI / CSM-23.3 (10 wt %) 55.5 
PI / CSM-23.3 (20 wt%) 31.1 
 
 The good embedding of fillers with polymer matrix is further confirmed in SEM and 
TGA observations. SEM analysis of the MMM cross-sections (Fig. 6) showed that all fillers 
are well dispersed and embedded in the polymer matrix, implying a good adhesion between 
the polymer matrix and the fillers, even at filler loadings of 30 wt%. TGA results of pure 
Matrimid
®
 membranes and CSM-filled membranes are presented in Fig. 7. Usually, the 
decomposition temperature of a MMM increases due to favourable interactions between 
polymer and particles. This is due to the higher energy that is required to move the adsorbed 
polymer chains. This results into thermally more stable membranes which remain stable up 
to the temperatures as high as 480 °C.  
4.5.3.Separation performance of MMMs 
The performances of both the MMMs and the reference unfilled Matrimid
®
 membrane were 
examined for the separation of CO2:N2 and CO2:CH4 (50:50) gas mixtures. Reproducibility of the 
MMMs was confirmed by performing multiple separation tests, i.e. at least using 3 coupons from 
each membrane and 3 measurements per coupon. All values in Fig 8 & 9 were found to be accurate 
within 1-5% error margin, confirming the consistency of both the optimized synthesis procedure 
and the testing method. The separation performance of the CSM based MMMs is always 
significantly higher in comparison with that of unfilled PI and also with reference MMMs 
containing untreated MCM-41. In general, selectivity values are well above those of the unfilled PI 
membrane, suggesting the absence of defects, hence confirming excellent filler dispersion and 
polymer-filler interfacial contact (Fig. 1). A 5 wt% loading of the reference MCM-41 in the 
polymer matrix enhances the selectivity by 50% for CO2/N2 and by 25% for CO2/CH4 which is in 
agreement with previous data.[47] 
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Fig. 6 SEM images of cross-section of selected MMMs prepared from PI with different loadings 
of various fillers: a) MCM-41 (10 wt%), b) CSM-18.4 (10 wt%), c) CSM-23.3 (10 wt%), d) MCM-
41(30 wt%), e) CSM-18.4 (30 wt%) and f) CSM-23.3 (30 wt%). 
 
 Higher filler loadings i.e. 10 & 20 wt%, into the polymer matrix result in increased 
permeabilities with unchanged selectivities. As previously reported, the introduction of the 
MCM-41 filler can increase the inter-segmental spacing between polymer chains near the 
particles.[48–51] This local disturbance of the polymer chains increases the free volume of 
the membrane. At least as importantly in this specific case of wide-pore filler, and despite 
their particle inversion by PI chains, the introduction of the large MCM-41 transport 
channels will also strongly enhance the diffusivity and thus the overall permeabilities (Fig. 
8). Nevertheless, the better interaction of the polar silanol groups at the filler outer surface 
and pore walls with CO2 in comparison with N2 (with quadrupolar moments of 13.4 x 10
-40
 
C m² and 4.7 x 10
-40
 C m², respectively) results in a significant increase of the selectivity 
from 22.8 for the CO2/N2 separation up to 37.8 (see Fig. 8).
 
 For the CO2/N2 gas mixture, incorporation of CSM-18.4 into the Matrimid
®
 matrix (30 
wt% loading) increases the selectivity by 67% compared to the unfilled membrane up to 
38.1 while a 5-fold increase in permeability is observed up to 19.3 Barrer. Similarly, the 
incorporation of CSM-23.3 fillers in Matrimid
®
 matrix (30 wt% loading) results in a 7-fold 
enhanced permeability with selectivity at par with CSM-18.4 based MMMs. Similar positive 
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Fig. 7: TGA of CSM based MMMs (30% loading) in comparison with unfilled Matrimid
® 
membrane.
   
 
results were obtained for the CO2/CH4 gas mixture (Fig. 9). This shows an improvement of 
CO2 separation performance for both gas mixtures (CO2/N2 and CO2/CH4), providing a 
clearly positive effect created by the controlled carbon deposition in the MCM-41 fillers. 
Indeed, this deposition of carbon inside the silica pores reduced the BET surface area of the 
fillers from 1462 m
2
/g for MCM-41 to 684 m
2
/g for CSM-23.3 (see table 1). In contrast to 
the N2 and CH4 molecules which respectively have much smaller or no quadrupolar moment 
at all, the carbon fraction offers polar interaction sites (as it contains surface oxygen group 
functionalities e.g. hydroxyl, which locally provide a high electron density) for the 
quadrupolar CO2 molecules.[33] This compensates to a large extend the loss of diffusability 
for CO2 by increasing the solubility. This increased solubility aspect of the solution-
diffusion mechanism results in a strong increase of the CO2 permeability at the expense of 
N2 and CH4 with respectively a smaller or no quadrupole moment (see Fig. 8 & 9).  
At high filler loadings, a flattening of the selectivity increase is observed while the 
permeability further increases consistently. This could be ascribed to a dual effect: filler 
dispersion might gradually become slightly worse at higher loadings, resulting in creation of 
some interfacial voids between polymer and filler.[24,30,52] 
 Higher filler loadings thus lead to increased diffusivity, providing easy but less selective 
passage for all gases. This increase in selective diffusivity of all gases overrules the 
enhanced CO2 solubility which results in a slight decrease of selectivities, while 
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Fig. 8  Mixed gas selectivity (left) and permeability (permeability) of CSM/PI MMMs for a CO2:N2 
(50:50 vol%) feed gas mixture at 9 bar and 308K as a function of filler loading. 
 
 permeabilities keep on increasing. The overall slightly higher selectivity values for 
MMMs prepared with the highest carbon content CSM fillers, viz. CSM-23.3 vs. CSM-18.4 
(mainly visible in the CO2/CH4 separations), is ascribed to the presence of more CO2 
selective sorption sites. 
 
Fig. 9  Mixed gas selectivity (left) and permeability (right) of CSM/PI MMMs for a CO2:CH4 (50:50  vol%) 
feed gas mixture at 9 bar and 308K as a function of filler loading. 
 
The current observations demonstrate that a subtle balance exists between selective sites, 
CO2 affinity and free volume to govern the CO2 separation from CH4 and N2 in these MMMs. To 
accentuate the potential of these MMMs in CO2 separations, a comparison with reference literature 
data on both CO2/CH4 and CO2/N2 gas separations using all kinds of MMMs is given in Table 4. 
The addition of MCM-41 into PSF matrix (30 wt% loading) gave a 3-fold increase in CO2 
permeability without any enhancement in CO2/CH4 selectivity, probably due to a worse filler 
dispersion than in current work. [53] Similar results were observed when MCM-41 particles were 
mixed (30 wt%) with PSF by Ahn et al. as the CO2 permeability was enhanced by 310% at the 
expanse of 62% loss in CO2/CH4 selectivity compared to unfilled polymer membrane.[51] Faster 
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evaporation of solvent (CHCl3 in these two references) might have been a reason as no controlled 
evaporation step was followed and the casted membrane were evaporated in ambient conditions. 
Depending upon the lab humidity, this might also create some local vapor induced phase inversion 
hence aselective pores.[54]  Later on, Khan et al. prepared the MMMs based on –SO3 
functionalized MCM-41 fillers in sulfonated poly(ether ether ketone) (SPEEK) matrix.[55] A 30 % 
increase in selectivity with a 46 % increase in CO2 permeability was observed for CO2/CH4 while a 
15% increase in CO2/N2 selectivity and a 30% increase in CO2 permeability were realized. This was 
attributed to the presence of the polar groups (–SO3H) in the polymer matrix and an extra polarity 
due to the –SO3 functional groups in the MCM-41filler. In another study, they also showed that the 
presence of a covalent link between the filler and the polymer could decrease the probability of 
creation of voids around fillers and hence the defects in MMMs, thus resulting  increased separation 
properties.[55] So, these studies showed that the high porosity of MCM-41 fillers can induce a 
simultaneous increase in CO2 selectivity and permeability upon the introduction of some functional 
groups having affinity for CO2, provided synthesis of defect-free membranes. The addition (0.1-0.6 
wt %) of carbon nanotubes (CNTs) and graphene oxide (GO) fillers (5/5 wt%) also created 
pathways for CO2 transport in MMMs, enhancing the CO2 permeability and separation factor.[56] 
This was attributed to the smooth walls of CNTs which resulted into a high diffusivity, while better 
interaction of CO2 with hydroxyl and carboxyl groups on the GO surface resulted in higher 
separation factors. On the other hand, when CO2 selective materials i.e. MOFs and amine 
functionalized fillers[57,55], are dispersed into the polymer matrix, they give a higher selectivity 
and permeability due to increased CO2 solubility and a higher free volume availability. Similarly, 
carbon molecule sieves (CMS) formed via high-temperature pyrolysis had created high size- and 
shape-selective separation properties due to the molecular sieving pores. MMMs with high CMS 
particle loadings (up to 35 wt.%) dispersed within Matrimid
®
 showed higher selectivities for 
CO2/CH4 and CO2/N2 gas mixtures, but lower permeabilities.[58] In current research, the 
permeation properties were enhanced significantly by using fillers prepared with a pyrolysis 
protocol that was optimally tailored for having affinity for CO2. Moreover, good adhesion and 
polymer-sieve contact was achieved here after careful optimization of the filler dispersion and 
membrane drying procedures.    
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Table 4. Mixed gas separation data for CO2/CH4  and CO2/N2 gas pairs for selected MMMs 
from literature 
Filler loading  Loading 
(wt %) 
Polymer Operation 
conditions 
PCO2 
(Barrer) 
CO2/CH4 
Selectivity 
 
CO2/N2 
Selectivity 
 
Ref. 
MCM-41  30  PSf RT, 2 bar 20.5 19.5 27.2 [53] 
MCM-41 20 PSf 35 °C, 4.5 bar 19.7 17.9 17.6  
MCM-41 
(SO3H 
functionalized) 
30 SPEEK 25°C, 10 bar 19.5 
(CO2/CH4) 
18.5 (CO2/N2) 
22    * 38     * [59] 
MCM-41(NH2 
functionalized) 
30 PSf-
acrylate 
25°C, 10 bar 10.3 
(CO2/CH4) 
  8.9 (CO2/N2) 
28    * 31     * [60] 
CNTs/GO 0.1-0.6  Matrimid
®
 30°C, 2 bar 
(CO2/CH4=30/70 vol 
% 
(CO2/N2=10/90 vol 
%) 
37.0 
(CO2/CH4) 
35.0 (CO2/N2) 
80    * 67
        * [56] 
CMS  36  
(vol %) 
Matrimid
®
  35°C, 3.5 bar 12.6 51.7 33.15
  [58] 
CSM-18.4 30 Matrimid
® 
 35°C, 9 bar 38.9(CO2/CH4) 
37.7 (CO2/N2) 
41.9 * 38.1  * This 
work 
CSM-23.3  30 Matrimid
® 
 35°C, 9 bar 48.6(CO2/CH4) 
52.6(CO2/N2) 
38    * 37.6  * This 
work 
RT = room temperature; CNT= carbon nanotubes; GO= graphene oxide; PSf = Polysulfone; SPEEK = poly(ether ether ketone) 
*Gas mixture (50:50  vol %) ; values without (*) show the single gas measurements;  
 
4.6.Conclusions  
MMMs prepared using readily available Matrimid
® 
and recently developed well-tuned 
CSM particles demonstrate that the overall separation performance is increased by the 
presence of a carbon phase inside the MCM-41 particles, providing an increased affinity for 
the CO2 gas molecules in addition to the creation of more free volume in the membrane. 
Embedding these particles in a polymer phase by using an optimized synthesis procedure 
and controlling the solvent evaporation after membrane casting, resulted in the formation of 
defect-free membranes, which were mechanically robust. For gas mixtures with a 50:50 
(CO2/N2) and (CO2/CH4) feed composition, these MMMs thus gave significantly improved 
separation results for the CO2 separation from N2 and CH4 leading e.g. to a 600% increased 
permeability combined with 65% enhanced selectivity for CO2/N2 gas mixture.  
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Supporting Information 
SEM analysis of MMMs 
In order to analyze the dispersion of the filler particles in the PI matrix, a cross-sectional area was 
examined by Scanning Electron Microscopy (SEM) using a Philips XL30 FEG microscope. Prior to 
observation, a gold film was sputtered onto the membrane surface. Overview and detailed images of 
an unfilled Matrimid® membrane (Figure S1a) and MMM prepared using MCM-41 (Figure S1b-c), 
VSM-18.4 (Figure S2), and CSM-23.3 (Figure S) are given.  
 
Figure S1. Cross-sectional SEM Images of (a) unfilled Matrimid® membrane, and MMMs with (b) 5 wt% 
and (c) 10 wt%. MCM-41 filler loading 
 
Figure S2. Overview (a-d) and detailed (A & D) cross-sectional SEM Images of MMMs prepared with CSM-
18.4 and Matrimid® with various filler loadings: (a) 5 wt%, (b) 10 wt%, (c) 20 wt%, and (d) 30 wt%. 
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Figure S3. Overview (a-d) and detailed (A & D) cross-sectional SEM Images of MMMs prepared with CSM-
23.3 and Matrimid® with various filler loadings: (a) 5 wt%, (b) 10 wt%, (c) 20 wt%, and (d) 30 wt%. 
Table S1. Performance of CSM/PI MMMs in the separation of CO2/N2 and CO2/CH4 gas mixtures. 
   CO2/N2* CO2/CH4* 
# Filler   Filler loading 
(wt.%) 
αCO2:N2 Mixed gas 
permeability 
PCO2
a
 αCO2:CH4 Mixed gas 
permeability 
PCO2
a
 
         1 None n/a 22.8 ± 0.8 3.8 ± 0.7 6.7 ± 0.3 30.9 ± 1.3 3.4 ± 0.4 5.94 ± 0.7 
    0.5              2 MCM-41 5 34.7 ± 1.1 4.5 ± 0.5 8.6 ± 1.0 38.6 ± 0.8 4.6 ± 0.4   9.1 ± 0.8 
3 MCM-41 10 37.8 ± 1.2 6.6 ± 0.9 12.9 ± 1.8 37.4 ± 1.1 5.9 ± 0.4 11.5 ± 0.9 
4 MCM-41 15 37.2 ± 1.1 10.3 ± 0.9 20.2 ± 1.8 37.2 ± 0.8 8.7 ± 0.8 17.5 ± 1.6 
5 MCM-41 20 37.3 ± 0.9 14.5 ± 0.8 28.3 ± 1.6 36.2 ± 0.8 11.2 ± 0.9 21.7 ± 1.8 
6 MCM-41 30 29.3 ± 1.1 22.0 ± 0.3 42.5 ± 0.6 29.5 ± 1.1 22.2 ± 0.6 43.0 ± 1.2 
   ±1               7 CSM-18.4 5 35.8 ± 1.1 5.2 ± 0.8 10.1 ± 1.6 40.5 ± 1.1 5.8 ± 0.4 11.3 ± 0.8 
8 CSM-18.4 10 41.7 ± 0.8 8.3 ± 0.8 16.2 ± 1.6 41.1 ± 0.8 8.0 ± 0.3 15.6 ± 0.6 
9 CSM-18.4 15 40.0 ± 0.7 9.5 ± 1.0 18.4 ± 1.9 39.9 ± 1.2 10.4 ± 0.4 20.2 ± 0.8 
10 CSM-18.4 20 39.1 ± 1.2 11.3 ± 0.9 22.0 ± 1.8 41.4 ± 1.0 12.3 ± 0.9 25.1 ± 1.8 
11 CSM-18.4 30 38.1 ± 1.1 19.3 ± 1.1 37.7 ± 2.2 41.9 ± 1.2 19.9 ± 0.8 38.9 ± 1.6 
     ±    12 CSM-23.3 5 37.3 ± 1.0 5.7 ± 1.05 11.1 ± 2.1 43.1 ± 0.9 4.9 ± 1.05 9.6 ± 2.1 
13 CSM-23.3 10 42.5 ± 1.1 7.6 ± 0.8 14.7 ± 1.6 45.1 ± 1.1 6.1 ± 0.8 11.9 ± 1.6 
14 CSM-23.3 15 40.9 ± 0.8 10.0 ± 0.9 19.1 ± 1.8 43.0 ± 1.0 10.7 ± 0.5 21.0 ± 1.0 
15 CSM-23.3 20 39.6 ± 0.9 17.7 ± 0.6 34.5 ± 1.2 39.5 ± 0.8 15.8 ± 0.6 30.8 ± 1.2 
16 CSM-23.3 30 37.6 ± 1.1 27.0 ± 0.9 52.6 ± 1.8 38.0 ± 1.1 25.9 ± 1.1 48.6 ± 2.2 
* 
Standard experimental conditions: transmembrane pressure = 9 bar, operating temperature = 303 K, (50:50) gas feed for mixture of CO2/N2 & 
CO2/CH4 ,  
a 
as calculated from mixed gas permeability by multiplying it with factor (y permeate/x feed) where y and x are mole fractions of gas (expressed in Barrer) 
 
 
 Chapter 5 
95 
 
 
 
 
 
 
Chapter 5.  
 
Regio-regular polythiophene based thin layer composite 
membranesfor CO2 separation 
 
Adapted from :  M. Waqas Anjum, Mikael Monga Mulunda, Frederic Monnaie, Guy Koeckelberghs and Ivo 
F.J.Vankelecom (Submitted) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 96 
 
Contributors 
Synthesis and characterization of the polymers was performed by Mikael Monga Mulunda 
and Frederic Monnaie. The experimental work (membrane synthesis and gas separation screening) 
was performed by M. Waqas Anjum . The main text was written by M. Waqas Anjum while 
sections related to polymer synthesis and characterization were written by Mikael Monga Mulunda 
with critical input by Frederic Monnaie, Guy Koeckelberghs and Prof. I.F.J. Vankelecom. Prof. 
I.F.J. Vankelecom proof-read the article text and editing of the proofs was done by M. Waqas 
Anjum.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Chapter 5 
97 
 
Abstract:  
Conjugated polymers were used as a selective layer of a composite membrane and investigated 
for their performance for CO2 separation. Regio-regular P3ATs were prepared with a well-defined 
regular structure and tuned their physico-chemical properties by using GRIM polymerization. Also, 
different monomers with longer alkyl side chains were copolymerized containing both a substituted 
side chain (ethylhexyl) and a short linear side chain (butyl). A stable, porous cross-linked polyimide 
support was used on which the polymers were coated as a thin layer via spin coating. PDMS coating 
was used to seal the defects in composite membrane. GPC, 
1
H NMR and DSC techniques were used 
to characterize the properties of polymers. SEM images of the composite membranes showed that 
polymer selective layers were properly sandwiched between PI support and PDMS coating. It was 
shown that rr-P3ATs showed better separation performances than their ri-counterparts, as they can 
form thin films with a more defined supramolecular organization.   
 
5.1.Introduction  
Global CO2 emissions from the combustion of fossil fuels have gained attention as one of the 
most challenging environmental issues.[1,2] Among the CO2 capture technologies being considered, 
membrane-based separation processes hold advantages over other conventional separation 
techniques.[2–5] However, polymeric membranes with higher permeability and better selectivity 
are still needed to be developed for membrane processes to become a viable CO2 capture 
technique.[6,7]  
Since last many years, a good combination of permeability and selectivity has been a great 
challenge in the development of membranes for gas separation.[8] Hence, the research has been 
more focused on synthesis of new polymers with certain chemical structures that provide the 
necessary properties.[9–11] Many polymeric membranes exhibit a modest selectivity and 
permeability. Polymeric membranes based on glassy polymer structures have got a considerable 
attention due to their better gas separation performance along with reasonable thermal and 
mechanical properties.[12,13] Unfortunately, current polymer-based membranes have some 
limitations and often suffer from a typical trade-off relationship between permeability and 
selectivity, hindering their wide use in CO2 removal industry.[14,15] For instance, polyimides (PIs) 
which are considered as one of most widely used glassy polymers in gas separation membranes are 
prone to plasticization by CO2, and hence result in reduced selectivity.[16–18] In order to overcome 
the limitations of polymeric membranes, so called mixed matrix membranes (MMMs) were 
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identified as a potential alternative with enhanced separation properties by combining the properties 
of polymer and fillers inside the polymer structures.[19–21] Still, there are some challenges in order 
to control the membrane performance. The chemical structure and surface chemistry of fillers along 
with the defined chain mobility of polymer results into better separation performance.[22] A well-
defined polymer structure can give better interaction of polymer and filler.[23–25] Thus, in order to 
use large-scale membranes for separation of  CO2, the need is to expand the research spectrum for 
high performance polymers having higher gas permeability, while maintaining the reasonable 
selectivity along with easy processability and long-term stability.[26–29] In this regard, the research 
has focused on CO2-selective polymeric membrane materials with good permeability via engineered 
synthesis of amorphous glassy semi-rigid polymers for improving CO2 permeability as well as 
selectivity. Polymers of intrinsic microporosity (PIMs) are the best examples of these kind of 
polymers with rigid backbones, possessing high selectivity and the free volume.[26] Moreover, 
subtle changes in molecular configuration in these polymer structures can also lead towards better 
gas separation properties.[9,30–34] 
Conjugated polymers (CPs) have received great attention for their electronic and electrical 
applications.[35] Only few of them have been investigated for their potential as membrane for gas 
separation.[36] Some CP-based-membranes, like polyaniline, polypyrrole and poly(3-
alkylthiophene) (P3AT), have shown promising results in this respect.[37–39] Gas diffusion 
through the membranes based on CPs can be can be explained by the solution–diffusion mechanism  
where gas dissolves in the dense membrane material and diffuses through the other side of 
membrane. Solution–diffusion separation is based on solubility and diffusivity 
factors.[40,41]However, it has been difficult to get high selectivity values for CP-based-membranes, 
as getting defect-free layers is really challenging for these materials.[42] The reversible doping 
process has been proven to enhance the gas separation performance for some CPs, enabling them to 
reduce the free volume between neighboring polymers chains during the doped stage. Dedoping is 
subsequently used to bring back the desired crystallinity.[42,43] The reversible dedoping process, 
however, can make the membrane more brittle which increases the probability for defects. 
Moreover, the support layer used to mechanically strengthen the thin selective layer in a composite 
membrane structure, can also be effected by this reversible doping process which typically involves 
very lower pH values.[44] As a more viable alternative in membrane technology, an intrinsically 
more ordered structure can enhance the packing of the polymer chains. Such is realized by changing 
the regio-irregular (ri) structure of the polymer into a regio-regular (rr) one,.[45]. Although the 
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properties of a given polymer depend on several parameters, it was found for instance with P3ATs 
that regio-regularity is the most critical parameter on the vast amount properties such as 
crystallinity[46], morphological order,[47] and the band gap[48]. This was also confirmed by our 
group which demonstrated that rr-P3ATs aggregate and form a good supramolecular structure 
which cannot be obtained with  ri-P3ATs.[49] All CPs which have been studied for membranes so 
far were synthesized either by electrochemical polymerization or oxidative chemical 
polymerization. However, these polymerization techniques intrinsically lead to the formation of ri-
polymers, which thus have poorer physical properties than their rr-counterparts.  
Among the CPs, P3ATs have been most investigated due to their good processability and 
environmental stability.[9] Limited research has been done on un-substituted polythiophenes (PTs) 
because of their poorer solubility in common organic solvents, as attributed to the strong π-stacking 
interactions between the thiophene moieties in the polymer backbone.[50] On the other hand, 
substituted PTs have been studied for gas separation.[51] Mc Cullough et al. have developed a rr-
P3AT by using the Grignard metathesis (GRIM) method to get nearly 98% of head-to-tail (HT)-
couplings, which leads towards the desired rr-structure of the polymer.[52,45]  
 
Figure 1: Representation of (a) the possible couplings from left to right: tail to tail (TT), head to tail (HT) 
head to head (HH) and resulting polymers (b) rr-sexithiophene and (c) ri-sexithiophene.  
 
Present work aims at screening the potential of rr-P3ATs to prepare thin film composite 
membranes by tuning the physico-chemical properties of the polymer. GRIM polymerization is 
used, which leads to the formation of rr-P3AT, employing a living chain-growth polymerization. 
This leads to the formation of HT-couplings between adjacent thiophene units, except for one TT-
coupling originating from the initiation. Also, different monomers with longer alkyl side chains 
 100 
 
were copolymerized containing both a substituted side chain (ethylhexyl) and a short linear side 
chain (butyl) in order to manipulate the polymer crystallization and hence tune permeation at 
molecular level. These well-designed polymer structures are expected to give higher membrane 
permeabilities without the need of reversible doping process. Due to the poor mechanical properties 
of P3AT, making defect-free standalone thin film is really difficult.[37] A stable, porous, cross-
linked polyimide (PI) support was thus prepared first on which the polymers layers were coated as a 
thin layer.[53–56] 
5.2.Experimental 
5.2.1.Chemicals 
 Chloroform (99.99 %), 2-bromo-3-hexyl-5-iodothiophene, N-methyl-2-pyrrolidone (NMP) 
(99.9 %), Methanol (MeOH, 99.99 %), tetrahydrofuran (THF) (99.9 %), isopropylmagnesium 
chloride lithium chloride (i-PrMgCl.LiCl) (99 %) and Ni(dppp)Cl2 (diphenylphosphino propane)Ni-
dichloride) (99 %) were purchased from Acros Organics. HCl (37 %) and acetone (99.98 %) were 
purchased from Fisher chemicals. Hexane (99 %) was purchased from Chem-Lab. CO2, CH4 and N2 
gases  from Air Liquide (Belgium).  
5.2.2.Synthesis of the polymers 
Monomers 1a-c (Figure 2) were synthesized according to literature.[57] Polymers were 
prepared using the modified GRIM method to obtain rr-P3ATs. The thiophene units in the polymer 
chain are essentially coupled in a HT fashion, with one TT defect.[58,59] This polymerization 
method has a controlled character and yields polymers with low dispersity. As a consequence, the 
degree of polymerization (DP) can be tuned by adjusting the monomer to initiator ratio. Two 
polymers were prepared (Figure 2, scheme1): a poly(3-hexylthiophene) homopolymer and a poly(3-
(2-ethylhexylthiophene)-co-3-butylthiophene) copolymer. 
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Figure 2 : (a) Available monomers and synthesis schemes of the (b) rr-P3HT and the (c) rr-copolymer. 
5.2.3.1.Synthesis of poly(3-hexylthiophene) 
2-bromo-3-hexyl-5-iodothiophene (40.6 mmol, 15.7 g) was dissolved in dry THF (630 mL) and 
purged with argon. Then i-PrMgCl.LiCl (1.28 M in THF, 40.6 mmol, 31.7 mL) was added to the 
solution to form 2-bromo-5-chloromagnesio-3-hexylthiophene. The reaction was stirred during 60 
min at room temperature. To verify the conversion, a small aliquot (0.2 mL) was quenched with 
D2O and analyzed by 
1
H NMR. Subsequently, Ni(dppp)Cl2 (271 µmol, 146 mg) was brought under 
argon atmosphere in a second flask. To this flask, the prepared 2-bromo-5-chloromagnesio-3-
hexylthiophene was transferred. After a polymerization time of 2 hours, the polymerization was 
terminated with few drops of 2 M HCl solution. The mixture was concentrated and the polymer was 
precipitated in MeOH. Next, the polymer was filtered and fractionated by Soxhlet extraction with 
methanol, acetone, hexane and chloroform. The chloroform-fraction was concentrated and the 
polymer was precipitated in methanol, filtered and dried in vacuo. The final rr-P3HT polymer was 
recovered as a dark red-brown solid to give 5.34 g of product i.e. 80 % yield. 
5.2.3.2.Synthesis of poly(3-(2-ethylhexyl)thiophene-co-3-butylthiophene) 
Using the same procedure as for rr-P3HT, 2-bromo-5-iodo-3-butylthiophene (2.20 mmol, 760 
mg) was reacted with iPrMgCl.LiCl (2.20 mmol, 1.98 ml, 1.10 M). In a separate flask, 
iPrMgCl.LiCl (8.80mmol, 7.92 ml, 1.10 M) was added to 2-bromo-5-iodo-3-(2-
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ethylhexyl)thiophene (8.80 mmol, 3.53 g). These two solutions were then transferred at the same 
time to one flask containing Ni(dppp)Cl2 (110 μmol, 60 mg) and copolymerized. The copolymer 
was dried overnight in a vacuum oven to give 1.54 g of product, i.e. 73 % yield. 
 5.2.3.Preparation of composite membranes  
The cross-linked support was prepared according to a protocol described elsewhere.[54] The 
PI intermediate support layer was cast onto a commercial polypropylene layer NOVATEX 2471, 
followed by diffusion induced phase separation (DIPS). The solution was prepared by mixing 15 
wt% PI (Matrimid
®
, Huntsman), 2 wt % demineralized water, 62.3 wt % NMP and 20.7 wt % THF, 
and allowed to stir for 24 hours. A 0.25 mm thick layer of this solution was applied onto the NMP 
treated PP support by doctor blade casting (Automatic Film Applicator, Braive Instruments). After 
30 seconds evaporation, the film was transferred into a demineralized water bath to initiate the 
DIPS process and was left in it for 30 minutes. In order to provide membranes with resistance 
against organic solvents, crosslinking was obtained after transferring into a solution of methanol 
and p-xylenediamine (100 g/l). After washing with methanol and subsequent impregnation with a 
toluene–MIBK mixture, the supports were dried in an oven at 333 K overnight.  
Thin films of the polymer solutions (2 wt % in chloroform) were coated on this cross-linked 
support by spin coating at 500 rpm for 60 sec. The membranes were dried at 70 °C in an oven for 24 
h. To seal the remaining defects, a solution of 20 wt % Polydimethylsiloxane (PDMS) (RTV 615 – 
two component Kit, Momentive Performance Materials) in cyclohexane with a ratio A:B of 9:1 was 
prepared. Subsequently, the mixture was heated at 333 K for 1h in order to initiate the pre-
polymerisation of the PDMS. This solution was deposited on each membrane as a thin layer by spin 
coating at 600 rpm for 30 sec. Polymerization of the PDMS sealing layer was completed by drying 
the membranes at 353 K overnight (see Figure 3). 
 
Figure 3: View of the rr-copolymer based membrane clamped in the spinning device after PDMS coating 
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5.3.Physico-chemical characterization of membranes  
Membrane cross-sections were analyzed with a PhilipsXL 30 FEG scanning electron 
microscopy (SEM), a semi-in-lens type SEM with a cold field-emission electron source. Membrane 
cross-sections were obtained by breaking dry membranes under liquid nitrogen. Samples were 
coated with a thick gold layer. Glass transition temperature (Tg) of the pre-dried membranes at 393 
K was measured through a TA instrument DSCQ1000 at a heating rate of 10 K/min. Attenuated 
total reflection Fourier-transformation infrared spectroscopy (ATR-FTIR , Bruker Alpha) was used 
to investigate the cross-linking. The number average molar mass  ̅ , the weight average molar 
mass ̅  and the dispersity (Ð) of all synthesized polymers were determined using a Shimadzu 10A  
gel permeation chromatography (GPC) with a PLgel 5 µm mixed-D column. The apparatus is 
coupled to a UV-spectrometer with tunable absorbance which is used as a detector. The polymer to 
be analyzed is dissolved in THF (1 mg/ml) and filtered through a 0.20 µm pore size filter before 
injection in the apparatus. The elution of different polymer fractions in the column is done with 
THF, while polystyrene is used as standard. The 
1
H NMR spectrum was recorded for each polymer 
using Bruker Avance 300 MHz, 400 MHz or 600 MHz spectrometersto analyze the composition of 
copolymer, the regioregularity and to determine the degree of polymerization (DP). A TA 
Instruments Q2000 DSC apparatus at a heating rate of 20 K/min was used to check the glass 
transition (Tg), the melting temperature (Tm) and the crystallization point (Tc) of both polymers. 
5.4.Gas permeation  
In order to evaluate the separation potential of the membranes, they were tested under more realistic 
conditions. The gas permeation experiments were carried out by using a custom-built high-
throughput gas separation (HTGS) membrane system (HTML, Belgium) set-up, described 
elsewhere.[60] The equipment can measure gas permeance and selectivity of 16 membranes 
coupons using variable feed compositions, pressures and temperatures. Since the presence of other 
gases in the feed often limits the membrane performance by competitive sorption resulting into 
different single and mixed-gas selectivities, mixed (CO2/CH4) and (CO2/N2) gas selectivity and 
permeability values were measured. The composition of the permeates is analyzed by a compact gas 
chromatograph (CGC, Interscience). Permeates were swept by a vacuum pump (Pfeiffer Dua 2.5) 
after having passed through the GC. The gas permeance was measured using a constant volume 
auxiliary cylinder (maximum measurement limit of 10 mbar) connected to a MKS Baratron
®
 
pressure transducer. The upstream pressure was adjusted by a back-pressure regulator mounted on 
the purge line. Prior to the measurements, the module was evacuated by the vacuum pump for 
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almost 3 h to remove residual gases. The gas mixture was then fed into the module at rate of 1 
L/min, controlled by mass flow controllers (MFC, Bronkhorst) with at least a 90 % purge. The 
permeate was allowed to enter into the CGC by opening the 16 way valve to get selectivity. 
For gas permeability determinations, the valve between the auxiliary cylinder and the vacuum pump 
was closed and the permeate was sent to an auxiliary cylinder for expansion by opening a three-way 
valve to measure the rate of increase in pressure with respect to time (dP/dt) until it reached steady-
state. The gas permeability was calculated by following equation: 
  
       
   
  
   
  (      )⁄     
  (
  
  
)                                                     ( ) 
where V is the downstream volume (cm
3
) and A the membrane permeation area (cm
2
), P1 is the 
pressure of the feed gas (psi) and T is the operating temperature (K). Mole fractions of component i 
in the downstream and upstream is designated by yi and xi respectively. The mixed-gas selectivity 
was calculated by the ratio of the mole fraction of the two gases downstream (y) and upstream (x) 
using following equation (3): 
         α i/j  = (Y i / Y j)  /  (X i / X j)                                                         (2) 
where xi and xj are the mole fractions of components i and j in the upstream respectively, while yi 
and yj are the mole fractions of components i and j in the downstream respectively.  
 
5.5.Results & discussion  
5.5.1.Polymer characterization   
The molar masses of the polymers were determined by GPC in THF towards a polystyrene 
standard. The  ̅  values measured by GPC were 39.4 kg/mol for rr-P3HT and 22.2 kg/mol for the 
co-polymer. The dispersity (Ð) was relatively low for both polymers: 1.2 and 1.3 for rr-P3HT and 
the rr-copolymer, respectively. The analysis of the aromatic region in the 
1
H-NMR spectrum 
confirms that essentially HT-P3HT was formed. The degree of polymerization (DP) can also be 
calculated by the correct integration of the α-methylene peaks. The internal α-methylene protons of 
the thiophene entities appear as a triplet at 2.80 ppm, while those of the end groups (H and Br) 
resonate from 2.62 to 2.56 ppm. From the ratio of these peaks, the DP for rr-P3HT was calculated to 
be 98 and that of the rr-copolymer to be 54 as can be seen in the supporting information. From DSC 
measurements (Figure 4), at second scanning it was observed that rr-P3HT had a higher melting 
temperature (Tm) than the rr-copolymer. For rr-P3HT, the Tm was observed at 238 °C and the Tc at 
206 °C, while the Tm was seen at 89 °C and the Tc at 63 °C for the co-polymer. The higher value of 
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heat of fusion shows higher crystallinity of rr-P3HT polymer compared to the rr-copolymer. It is 
also observed for copolymer that the heat of fusions during the cooling and heating process are 
different. This difference is due to kinetic factor or in other words, the copolymer in addition to 
incorporating branched side-chains, takes longer time than the rr-P3HT to crystallize. During the 
cooling process the copolymer does not have time enough to reach the same degree of crystallinity 
as before the measurement.   
 
 
Figure 4 : DSC results showing the crystallization temperature (TC) and the melting point (Tm) for both 
polymers. 
5.5.2.Composite membrane characterization 
Before coating the thin selective layers of the polymer solutions on them, the cross-linked PI 
supports were checked in gas separation to ensure zero selectivity and high permeability of these 
supports so that only the properties of the polymeric layers on top would be measured. To get stable 
layers, these PI supports were chemically cross-linked with aromatic diamines. After cross-linking, 
the PI supports were immersed for 5 hours in CHCl3 to assess their stability in this solvent. Without 
cross-linking, all membranes invariably dissolved almost immediately in this solvent, but the cross-
linked supports remained stable. Confirmation of successful PI cross-linking was given via ATR-
FTIR (Figure 5), by comparing a cross-linked Matrimid
®
 (dashed line) with a reference Matrimid
®
 
membrane. The PI bands at 1780 and 1711 cm
−1
 (C= O) and 1361 cm
−1
 (C–N), as well as the amide 
bands at 1634 cm
−1
 (C=O) and 1525 cm
−1
 (C=N) are indicated with arrows.[55] It is clear that after 
cross-linking, the amide peaks become stronger in intensity, while the imide peaks become less 
intense, which proves that the crosslinking has effectively occurred.  
SEM images were obtained from cross-sections of the cast membranes to investigate their 
internal microstructures. The PT layer was sandwiched between the porous PI support layer and the 
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PDMS sealing layer, as observable in Figure 6. The thickness of the PT layer was found to be 1.7-
2.2 µm for P3HT and 3.6-3.9 µm for the co-polymer. The thickness of each polymer layer was 
determined by scanning at least 4 different regions of the membranes. 
 
Figure 5: Comparison of ATR-IR spectra of non-cross-linked and cross-linked PI supports. The PI bands at 
1780 cm
−1
, 1711 cm
−1
 (C=O) and 1361 cm
−1
 (C–N), and the amide bands at 1634 cm−1 (C=O) and 1525 cm−1 
(C–N) are designated by arrows.  
5.5.3.Gas separation  
The mixed gas permeabilities and selectivities for all membranes are shown in Table 1. At 
least 3 membranes were prepared from each polymer, and at least 3 coupons from each membrane 
were tested to provide reliable data with standard deviations smaller than 10 %. As anticipated, the 
selectivity and permeability values of rr-P3HT based membranes were far better than those of the ri-
counterparts previously reported.[37,44] The earlier reported doped poly(3-dodecylthiophene) 
(PDDT) (with ri- structure) membranes gave an ideal gas selectivity of 11.2 for CO2/N2, while the 
composite membrane prepared now from the rr-P3HTs polymer showed an almost doubled gas 
selectivity (αCO2/N2 = 21.3), even when measured under mixed gas conditions which generally lead 
to lower selectivity values than single gas measurements. This higher selectivity of un-doped rr-
P3ATs membranes is attributed to the improved supramolecular structure, i.e. a more regular 
structure adopted by the polymer chains during the fabrication of the membranes. The absence of 
twists between adjacent thiophene moieties in the rr-P3HT results into a better organized 
aggregation and a relatively denser polymer film, inducing the higher CO2/N2 selectivity. On the 
other hand, the CO2 mixed gas permeability values are lower (10.08 Barrers for CO2/N2 gas pair and 
11.03 Barrers for CO2/CH4 gas pair) than previously reported data in which untreated PDDT 
membranes had a pure CO2 permeability of 88.2 Barrer.[44] This shows that rr-P3HT with a smaller 
alkyl chain has a denser chain structure, resulting into higher selectivities and lower  
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Figure 6: SEM images of cross-sections of the composite membranes with  rr-P3HT (a,b) and co-polymer 
(c,d). 
 
permeability. These results also show that the membranes have a defect-free morphology, thus 
eliminating the effect of the less selective Knudsen diffusion. Both polymers showed a better 
separation performance for CO2/N2 gas mixtures than for the CO2/CH4 gas mixtures. Gas separation 
in dense polymeric membranes is governed by the solution-diffusion mechanism. CO2 is the most 
condensable gas and thus has a higher solubility.  
 
Table 1: Performance of prepared PT membranes in the separation of CO2/N2 and CO2/CH4 gas 
mixtures. 
 
  αCO2:CH4
 a
 P
b
 PCO2
c
 αCO2:N2
a
 P
b
 PCO2
 c
 
1 rr-P3HT 15.83 ± 0.6 5.36 ± 0.5 10.08 ± 0.9 21.32 ± 1.4 5.77 ± 0.3 11.03 ± 0.6 
2 rr-copolymer 18.07 ± 0.7 8.94 ± 0.4 15.36 ± 0.7 23.30 ± 0.7 8.55 ± 0.7 16.40 ± 1.3 
        a  Standard experimental conditions: upstream pressure = 7 bar, downstream= vacuum, operating  temperature = 308 K,  as feed = CO2/N2 and    
   CO2/CH4 (50/50) volume % 
b  
Mixed gas permeability expressed in Barrer 
c  
Obtained by multiplying the mixed gas permeability (in Barrer)  with the factor (YCO2/XCO2) where  “Y”  and “X” are the mole fractions of     
  CO2 gas in permeate and feed respectively 
   
 
Moreover, it has a high quadruple moment (13.4× 10
-40
 Cm
2
)[61] which further contributes to the 
solubility, following interactions with the aromatic entity.[62] CH4 is apolar and less condensable, 
while nitrogen is the least condensable gas. In contrast to CH4 which has none, N2 has a quadrupole 
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moment of (4.7× 10
-40
 Cm
2
), which is still almost 3-times smaller than that of CO2. On the other 
hand, the diffusion coefficients of gases in polymers are related to the free volume of the polymer 
on one hand and the kinetic diameter of the permeating compounds on the other. The kinetic 
diameters of CO2, CH4 and N2 are 3.30, 3.80 and 3.64 Å respectively, thus also favoring CO2 
transport.  
The rr-copolymer tuned to keep a well-defined structure, but now in combination with 
combination of long substituted side chains (ethylhexyl) and short linear side chains (butyl) to 
manipulate the supramolecular structure. This copolymer indeed gives higher permeability values 
(table 1) and also slightly higher selectivities for both gas pairs than the P3HT-based membranes, 
further emphasizing the improved polymer structure. The higher permeability values of rr-
copolymer based membrane are ascribed to the induction of extra fixed free volume between 
neighbor copolymer chains as a result of presence of long substituted side chain in polymer. 
However, slightly higher selectivity values of rr-copolymer based membranes show that the 
comparatively less crystallinity in rr-coplymer does not effect the selectivity values compared to rr-
P3HT based membranes. 
The effect of operating temperature on the membrane performance was studied in the 308–
348 K temperature range for 50/50 mixed gas mixtures of CO2/N2 and CO2/CH4 at 7 bar. Figures 7 
& 8 show the selectivity and permeability of both membranes vs the reciprocal temperatures for 
CO2/CH4 and CO2/N2 separations respectively. Higher temperatures increase the gas flux due to 
increased mobility of the polymer chains and higher kinetic energies of the permeating molecules. 
However, the increase in CO2 flux is comparatively lower than that of N2 and CH4 and selectivities 
thus decrease with increasing 
 
 
Figure 7: Mixed gas performance for both polymers in a CO2/CH4  (50/50) gas mixture as a function of 
reciprocal of temperature (7 bar). 
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temperature. A comparison with literature data on CO2/CH4 and CO2/CN2 separations using PT-
based membranes and well-known commercially used polymers based asymmetric membranes is 
given in Table 2. Musselman et al. synthesized free-standing membranes with ri-PDDT  oxidized by 
SbCl5 and reduced by hydrazine. They observed that highly doped rr-PDDT membranes showed an 
increase in permselectivity, attributed to the attained rigid structure during the doping process, 
which acted like a molecular sieve for gas molecules. This molecular sieving effect was reduced 
during dedoping as remaining Sb-containing species acted as fillers which reduced the available 
polymer free volume. These membranes showed a very high single gas permeability (106.3 Barrer) 
for CO2, but the CO2/N2 selectivity was quite low (10.1).[44] Later on, Ried et al. were able to 
improve the gas transport  
 
Figure 8: Mixed gas performance for CO2/N2  (50/50) gas mixture as a function of reciprocal of temperature 
(7 bar) 
properties of poly(3-(2-acetoxyethyl)thiophene (P3AcET) membranes through chemical surface 
modification. They converted the ester group of P3AcET into poly(3-(2-hydroxyethyl)thiophene) 
(P3HET) through hydrolysis. The introduction of an alcohol group led to an ideal gas selectivity of 
18.6 for CO2/CH4 with a CO2 permeance of 0.0668 GPU, corresponding to a permeance of 0.15 
Barrer for a membrane thickness of 2.2 µm. The increased gas selectivity is attributed to the 
introduction of a polar group with high affinity for CO2.[37]  
These membranes have shown a competitive separation performance compared to 
commercially used glassy polymers i.e. polysulfone (PSf) and Matrimid
®
  based asymmetric 
membranes prepared via phase inversion with a thin selective layer.[63,64] On the other hand, the 
selectivity of dense membranes (PI and PSf) is higher than that for the membranes of the present 
study. This is not surprising as the synthesis of dense membranes is less susceptible to defect-
creation.[65,66] Moreover, the majority of the measurements data present in literature was obtained 
for mainly single gases which effect the separation performance due to competition between 
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Table 2: Comparison of CO2/CH4 and CO2/N2 mixed gas separation data for present PT-based 
membranes with literature values 
 
Polymer 
Operative 
pressure 
(all at 308 K and 
pressure in bar) 
PCO2 
(Barrer) 
Selectivity 
CO2/CH4 
Selectivity 
CO2/N2 
Ref. 
PDDT oxidized with 
SbCl5 (9%) 
 1.5  106.3
 
 - 10.1 [44] 
PDDT oxidized with 
SbCl5 (23%) 
1.5  48.5
 
 - 14.0 [44] 
P3AcET  2.0  1.4 17.8 28.4 [37] 
P3HET - 0.067 
a
 18.6
 
 30.4 [37] 
PSf (asymmetric) 4.8  22.1   
a
 17.3 16.5 [64] 
PSf (asymmetric) 10  3.7     
a
 11.0* - [68] 
Matrimid
® 
(asymmetric) 
10  5.5
      a
 19.0* - [68] 
Matrimid
® 
(dense) 
4  7.3 34.7* - [69] 
PSf (dense) 4.4 6.6 28.6 26 [66] 
rr-P3HT  7 
11.0 (CO2/N2) 
10.1 (CO2/CH4) 
15.8* 21.3* 
This 
work 
rr-copolymer  7 
15.4 (CO2/N2)
b
 
16.4 (CO2/CH4)  
18.1* 23.3* 
This 
work 
* gas mixture (50/50 mol %), all others are single gas measurements 
a 
permeance (GPU),  
b 
obtained by multiplying the mixed gas permeability (in Barrer)  with the factor (YCO2/XCO2) where  “Y”  and “X” are the mole fractions of     
  CO2 gas in permeate and feed respectively. 
 
the penetrants in binary gases.[67] 
Keeping in view that the separation performance of membranes depends to an important 
extent on the operating conditions, the newly presented membranes show a reasonable separation 
performance compared to those of already reported untreated PT-based membranes without any 
post-synthesis treatment. Reasonable selectivity and permeability values were achieved for both 
(CO2/CH4) and (CO2/N2) gas pairs. 
5.7.Conclusions 
  rr-CPs are potential materials for gas separation if they are custom-made to obtain polymers 
with a well-defined regular structure which is essential to realize good selectivities and 
permeabilities. rr-P3ATs have much better separation performances than their ri-counterparts, as 
they can form thin films with a more defined supramolecular organization. In this way, the 
selectivity of the membranes could be enhanced without the need to dope the materials, which 
makes it much easier to prepare the composite membranes. Further optimization of the key 
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parameters described in this research, i.e. crystallinity and co-polymerization, would give 
membranes based on P3ATs even more potential for practical use.  
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6.1.General conclusions 
The primary objective of this research was to develop new mixed matrix membranes 
(MMMs). Proper filler and polymer selection and careful tuning of the synthesis procedure was 
required in order to avoid problems commonly associated with MMMs, i.e. the creation of non-
selective pathways, particle agglomeration and brittleness at high loadings.   
Polymer/MOF MMMs were first synthesized. UIO-66 was prepared using functionalization 
and modulation. Functionalization of MOFs with different groups is a traditional technique to 
enhance filler dispersion and separation properties of materials, while modulation is an approach in 
which compounds are added during the MOF synthesis that compete with the linkers for 
coordination with the metal cations. Benzoic acid was used as modulator. It acts as a regulator for 
crystallization, influences nucleation and crystal growth and  results in a better controlled 
morphology of the porous crystalline material. The cross-section of the MMMs containing 
modulated UiO-66 showed a good dispersion of the MOF particles in the Matrimid
®
 matrix. The 
separation performance of the membranes was evaluated in a custom-built high-throughput (HT) 
equipment. A significant increase in mixed gas selectivity and permeability of the membrane with 
modulated UiO-66 as filler indicated that it is a very good candidate for CO2/CH4 separations where 
highly permeable and highly selective membranes are required. 
In a second approach, MMMs were developed by adding MIL-125(Ti) and the amine 
functionalized counterpart as fillers to Matrimid
®
. Significantly improved CO2 mixed gas 
selectivities and permeabilities for 50:50 CO2:N2 and CO2:CH4 gas mixtures resulted from the 
addition of the NH2-MIL-125 fillers. 
The tuneability of the CSM (carbon silica material) pore system and its related shape 
selectivity in combination with the enhanced affinity for the penetrating gas molecule was 
subsequently studied. CSM fillers were prepared by using MCM-41 particles. The surface 
chemistry of the active carbon phase was tuned in order to enhance the CO2 adsorption properties. 
These fillers were modified during the pyrolysis step in the CSM synthesis procedure. These 
MMMs showed a good filler dispersion and an excellent adhesion between the polymer matrix and 
the filler particles, even at high filler loadings of 30 wt%. Furthermore, the dual contribution of 
CSM to the selective increase of CO2 solubility and diffusivity (relative to N2 and CH4), resulted in 
a superior CO2 selectivity and permeability. Reproducibility was confirmed by performing multiple 
separation tests for each membrane, demonstrating the consistency of the optimized synthesis 
procedure.  
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To get selective membranes, polymers should form relatively dense films. This implies that 
polymers should have a good supramolecular structure in order to form a nice film with desirable 
properties. With this aim, conjugated polymers were used as selective layer in composite 
membranes and investigated for their CO2 separation. Regio-regular P3AT with a well-defined 
structure was prepared using GRIM polymerization and the physico-chemical properties were 
tuned. The best separation performance was achieved by using regio-regular P3HTs (rr-P3AT) 
which can adopt a planar conformation during the formation of the membrane film rather than 
regio-irregular P3HT structures. Also, different monomers with longer alkyl side chains were 
copolymerized containing a substituted side chain (ethylhexyl). A porous cross-linked polyimide 
support was used on which the polymers were coated as a thin layer via spin-coating. An extra 
PDMS coating, while applied to seal the defects in the composite membrane. This approach showed 
well-defined polymer structures to form a good film with reasonable  separation performance.  
6.2. Future directions  
Future research should be focused on four main directions; (a) filler structure/modification, 
(b) polymer selection/modification, (c) membrane preparation procedure, (d) post-synthesis 
modification of membranes. Specific molecular interactions between filler and polymer play a vital 
role in controlling the structure at the interphase, hence creating defect-free MMMs for practical use 
in gas separation. So, the development of fillers with controlled surface properties along with the 
selection of compatible fillers with specific polymers is crucial. Inorganic porous fillers such as 
hollow fillers, mesoporous silica spheres, fillers with core-shell morphology etc. could be used for 
gas separation. The size of most fillers is about 1µm, but important improvements in MMM fluxes 
could still be achieved by reducing their size e.g. by changing the molar ratios of the synthesis 
precursors. The downside of using smaller particles is the much bigger challenge to get them 
properly dispersed in the polymer solutions from which the membranes are cast. Various types of 
MOFs, e.g. UiO-66, MIL-125 or MIL-53, are potential options to prepare shell forming materials 
from. When such shells are arranged around empty or highly porous spheres, micrometer-sized 
fillers in a MMM would still allow to reach high enough fluxes, still combined with good 
dispersions, which is crucial to reach high membrane selectivities as well. 
Introduction of functional groups, e.g. hydroxyls or fluorides, in MOF structures may 
interact favorably with the high quadrupole moment of CO2 and thus create more selective 
membranes. Using MOF-based MMMs in the separation of CO2 from water-rich flue gas streams 
(CO2/N2) will require MOFs that are more stable in humid atmosphere. UiO-66(CH3)2 for instance 
has thus shown increased thermal and water stability than amine-functionalized MOFs. 
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Another major area of research related to MMMs (polymers and fillers) for CO2 separation 
that deserves further attention is in separating acid gases from natural gas streams. Investigation on 
the sustainable separation performance of these membranes when exposed to more aggressive 
environments in the presence of H2S and minor components for long time, still remains a missing 
area of research in the field of MMMs. Ignoring this area will lead to limited industrial applications. 
Another important factor to consider is the synthesis of stable fillers at large scale in a cost-effective 
way in order to make these MMMs accessible for industrial applications.   
In addition to the search for excellent MMMs, improving the separation performance of the 
starting polymers for CO2 capture by developing new polymer matrices is a very active area of 
research for future. This could be achieved via copolymerization, or by investigating new methods 
of synthesizing the polymers to overcome different shortcomings. Hence, attention should be given 
to new type of polymers with increased polymer chain rigidity in order to get higher gas selectivity. 
For instance, polymers for intrinsic porosity (PIMs) and thermally-rearranged (TR) polymers have 
shown very high selectivity as well as high permeability. Moreover, subtle changes in molecular 
architecture of polymers can result in promising effects on gas permeation and separation 
properties. Furthermore, their structures can also be modified via physical and chemical methods 
which not only may enhance the diffusion rates through cavities but also solubility by introducing 
CO2-philic groups. Also, modified PI’s such as fluorinated PIs are also good choices for use in 
MMMs. In fact, the fillers studied in this thesis should give even improved results if used with such 
polymers.  
As far as the membrane preparation is concerned, only using solution casting method 
followed by solvent evaporation and the use of priming protocol is not enough to make a good 
MMMs. Rather, a very careful tuning of the membrane procedure is important to consider, 
including selection of solvent, carefully tuned method of making dope solution, use of proper 
equipment for fabrication of membranes, controlled evaporation after casting and, most importantly, 
post-synthesis treatments (e.g. annealing). Overlooking even a minor step in this regard could lead 
to non-selective voids at the filler-polymer interface. In this regard, detailed systematic studies on 
the effect of these parameters are widely missing in the literature. Similarly, up till now, apart from 
having good solubility compatibility with the polymer, fast evaporating solvents have been 
preferred in the synthesis of MMMs to avoid the sedimentation of fillers in polymer matrix. 
However, at the same time, the evaporation should be optimized in order to give enough time to the 
membrane structure to get a strong interfacial connection between the filler and the polymer and to 
avoid stress at the interphase.   
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All MMMs In this study were prepared as dense structures to study the inherent transport 
properties of the membranes. But in order to investigate the industrial viability, the integrity of these 
MMMs should be investigated by synthesizing them as a thin selective layer on mechanically stable 
porous supports . This process will open new gates of research as a lot of parameters need to be 
optimized further as was observed while fabricating the polythiophene based composite 
membranes. This type of research is of high importance in flue gas applications where large feed 
volumes need to be treated at low upstream pressure (atmospheric) and concentration.  
With the growing research progress in obtaining fillers for the enhancement of the CO2 
adsorption capacity or selectivity against N2 and CH4, there are still some aspects needed to be 
carefully evaluated. The most determining factors for the use of these fillers on industrial scale are 
their cost of preparation and regeneration, which are rarely discussed. The real outcome of these 
materials when used in actual separation process still needs to be investigated. These materials then 
need to be scaled-up and their industrial application needs to be compared to other technologies for 
CO2 capture. The cost estimation of large scale synthesis of fillers used as membrane materials will 
be critical in deciding whether this technology can be used on industrial scale as an alternative for 
other technologies. The overall cost estimation must also include the total energy required to 
regenerate adsorbents or the amines used in scrubbing. In this regard, Tarka et al. had estimated a 
cost of $5-10/kg of adsorbent as an economical range for use in CO2 capture process [1]. 
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